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FINANCING  OF  LOCAL  ROADS  AND  STREETS 


REPORT  OF  DEPARTMENT  OF  HIGHWAY  FINANCE,  HIGHWAY  RESEARCH  BOARD,  NATIONAL  RESEARCH  COUNCIL  i 

Presented  by  THOS.  H.  MACDONALD,  Chief,  Bureau  of  Public  Roads,  Chairman 


CONSIDERATION  of  present  and  past  methods  of 
highway  financial  administration  reveals  slow 
progress  toward  a  rational  spending  program. 
Demands  for  increased  highway  appropriations  have  in 
many  cases  diverted  attention  from  the  need  for  wiser 
spending  of  what  we  have  and  more  efficient  managing 
of  what  we  spend.  Design,  construction,  and  main- 
tenance standards  have  kept  reasonable  pace  with 
modern  transport  tempo,  but  policies  of  administration 
and  finance  remain  essentially  horse-drawn. 

Highway  tax  distribution  and  the  administrative 
difficulties  involved  have  been  examined  with  particular 
reference  to  local  application  of  State  funds  for  highway 
purposes.  Last  year  more  than  a  quarter  of  a  billion 
dollars  in  State  gasoline  taxes  and  registration  fees  were 
set  aside  for  roads  and  streets  not  on  the  State  highway 
systems.  This  money  was  25  percent  of  total  motor- 
vehicle  tax  collections  for  1936.  The  large  part  of 
highway-user  taxes  so  distributed  is  an  index  of  the 
need  for  studying  methods  of  allocating  such  funds  to 
local  governments,  for  establishing  an  economic  basis 
for  shared  taxes  and  State  aid,  and  for  inquiring  into 
the  uses  to  which  these  funds  are  now  applied,  the 
degree  of  financial  control  retained  by  the  States,  and 
the  fiscal  and  managerial  pitfalls  into  which  both  State 
and  local  governments  spend  their  way. 

Vehicle  taxes  for  local  roads.— That  highway  users 
should  be  charged  in  accordance  with  then  utilization 
of  highway  facilities  is  the  generally  accepted  theory 
upon  which  the  gasoline  tax  and  registration  fee  are 
established.  It  appears  to  follow  therefore  that  the 
distribution  of  such  taxes  to  various  parts  of  the  high- 
way system  should  reflect  the  relative  traffic  volumes 
which  they  carry. 

In  the  period  of  rapid  highway  expansion  which 
paralleled  the  growth  of  motor-vehicle  travel,  the 
theory  that  those  who  used  the  roads  should  pay  for 
them  was  generally  conceded,  but  financial  pressure 
created  by  the  need  for  a  new  system  of  main  roads 
made  it  neither  possible  nor  desirable  to  adopt  the 
corollary  that  funds  should  be  spent  with  exact  regard 
to  their  origin.  With  the  progress  of  a  primary  system 
of  highways  which  such  concentrated  finance  made 
possible,  however,  there  originated  in  both  counties 
and  municipalities  a  demand  that  some  part  of  State 
tax  collections  be  returned  for  local  roads  and  streets. 
Today  the  wide  range  in  relative  proportions  of  funds 
made  available  to  local  governments  suggests  no  more 
scientific  consideration  than  the  loudness  of  these 
demands.  In  1936,  3  States  returned  more  than  half 
of  total  highway  user  imposts  to  local  units  of  govern- 
ment, 11  over  one-third  of  such  collections,  and  5 
States  made  no  allotments  whatever.  Local  roads  in 
1  State  received  24  million  dollars  in  State  taxes,  while 
in  each  of  10  other  States  less  than  a  million  dollars 
were  distributed  for  highways  in  local  jurisdictions. 

Tax  distribution  laws.2 — State  laws  governing  the 
amount  and  basis  of  gasoline  tax  and  registration  fee 

1  Presented  at  the  Seventeenth  Annual  Meeting  of  the  Highway  Research  Board, 
December  2,  1937. 
1  Details  by  States  are  given  in  the  appendix,  table  A. 


distribution  comprise  a  legal  labyrinth  which  varies  in 
complexity  from  State  to  State.  Two  considerations 
are  involved:  Determination  of  the  total  which  shall  be 
distributed  by  the  State;  and  the  division  of  tbis  sum 
among  the  various  local  units.  The  total  share  going 
to  local  roads  is  generally  expressed  as  a  percentage  of 
collections,  a  specific  part  of  each  tax  levied,  or  a  pre- 
determined flat  sum.  The  allocation  to  each  local  unit 
may  then  be  made  according  to  the  population,  area, 
assessed  valuation,  road  mileage,  or  on  the  basis  of 
vehicle  registrations  or  tax  collections.  In  the  case  of 
the  registration  fee,  however,  shares  are  often  retained 
by  each  separate  local  unit  at  the  time  of  collection, 
either  as  a  fixed  amount  per  registration  or  a  percentage 
of  total  receipts. 

Although  the  total  amount  of  motor-vehicle  taxes 
granted  for  local  road  purposes  may  have  no  relation  to 
traffic  needs  originating  on  these  systems,  in  a  large 
number  of  States  registration  fees  are  allocated  among 
the  separate  units  with  a  regard  for  relative  traffic  po- 
tentialities. Thus  Arizona  counties  retain  50  cents  for 
each  original  registration,  wbile  in  Alabama  20  percent 
of  total  receipts  from  this  source  are  used  in  the  counties 
where  the  taxpayers  reside.  In  the  case  of  the  gasoline 
tax,  however,  not  only  does  the  original  sum  granted 
by  the  State  have  little  bearing  upon  traffic  volume  and 
intensity,  but  also  the  allocations  among  individual 
local  units  are  generally  based  upon  formulas  which  are 
untenable.  Alabama,  for  example,  distributes  3  cents 
of  a  6-cent  tax  equally  among  its  67  counties,  while 
New  York  counties  receive  20  percent  of  collections 
according  to  the  road  mileage  of  each  county.  In 
Tennessee  1  cent  of  the  gas  tax  is  distributed  to  the 
counties  equally,  Vi  cent  on  county  areas,  and  %  cent 
according  to  county  populations. 

STANDARDS  NEEDED  TO  GOVERN   ALLOCATION  OF  ROAD  FUNDS 

When  money  is  distributed  equally  among  local  road 
units  which  vary  in  size  and  stage  of  development,  or 
on  the  basis  of  land  areas  and  road  mileage  which  bear 
no  relation  to  traffic  conditions,  there  is  little  cbance 
that  distribution  will  be  economically  justifiable.  Only 
by  chance  will  highway  income  be  in  reasonable  balance 
with  the  demand  for  funds.  Even  population  and 
assessed  valuation  may  be  poor  indices  of  the  proper 
share  of  taxes  required  by  local  governments  for  trans- 
port facilities.  Questionable  practices  of  tax  allocation 
accordingly  help  to  make  possible  such  variations  in 
road  expenditures  as  found  in  North  Carolina  before 
the  State  assumed  control  of  all  rural  roads.  The 
annual  road  expenditure  in  one  county  was  $14  per 
mile,  while  in  another  it  was  $688.  Similar  conditions 
were  found  in  Iowa  in  1933  by  a  study  of  the  Brookings 
Institution,  which  revealed  that  if  State  funds  were 
distributed  on  the  basis  of  some  defensible  index  such 
as  traffic  or  vehicle  registrations  (instead  of  area)  allot- 
ments would  have  been  reduced  considerably  in  75 
percent  of  the  comities. 

In  general  the  conclusion  may  be  drawn  that  present 
methods  of  State  fund  allocations  to  local  roads  and 
streets  are  no  less  heterogeneous  and  unscientific  than 
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are  the  rates  and  bases  of  the  taxes  through  which  these 
funds  are  raised. 

Economics  of  user  tax  distribution.- — The  question  of 
what  share  of  State  motor-vehicle  taxes  should  rightly 
be  allocated  to  roads  and  streets  other  than  on  the 
primary  system  involves  fundamental  concepts  of 
highway  economics.  The  purpose  of  roadbuilding  is 
to  provide  for  adequate  traffic  facilities  at  the  lowest 
possible  cost,  including  both  road  costs  and  vehicle 
operating  costs.  In  spending  for  the  highway  program, 
therefore,  funds  must  be  allocated  to  those  parts  of  the 
transportation  system  where  improvements  will  bring 
about  the  greatest  reduction  in  total  cost  and  the 
greatest  utility  in  adequate  service. 

Since  limited  funds  do  not  permit  simultaneous 
betterment  of  all  roads,  the  element  of  time  is  of  great 
moment  in  an  economic  distribution  of  vehicle  taxes. 
If  funds  were  returned  to  local  roads  and  streets  in  the 
amounts  generated  thereon,  prior  to  adequate  develop- 
ment of  a  system  of  main  highways,  the  higher  cost  of 
transportation  for  the  many  vehicles  on  congested 
primary  routes  would  far  outbalance  the  reduction  in 
operating  costs  on  the  local  roads.  Also,  whereas  two 
road  systems  may  carry  equal  amounts  of  traffic, 
expressed  in  vehicle  miles  or  gasoline  tax  receipts,  yet 
the  needs  of  either  depend  largely  on  the  type  and 
distribution  of  this  travel:  Whether  highway  utilization 
has  been  intensive,  as  on  heavily  trafficked  main  roads, 
or  extensive,  as  the  dispersed  use  of  a  large  network  of 
local  rural  roads.  It  must  also  be  known  in  what 
ratio  heavy  trucks  and  busses  or  pleasure  vehicles  have 
accounted  for  traffic  volumes.  Furthermore  it  is 
important  to  recognize  the  integration  of  motor  travel 
on  the  various  road  systems,  and  the  fact  that  it  is  the 
entire  trip  which  must  be  made  at  lowest  cost,  as  well 
as  the  entire  motoring  population  which  must  lie 
considered  in  the  computation  of  total  costs  for  (lie 
entire  highway  system. 

The  aspect  of  the  principal  routes  as  revenue  pro- 
ducers is  sound  in  principle.  So  large  a,  percentage  of 
the  actual  use  of  these  is  recreational  in  character  that 
the  potential  increase  by  reason  of  wholly  adequate 
facilities  should  be  self-evident — not  only  this,  but  the 
competitive  nature  of  recreational  offerings.  The 
highways  must  compete  with  other  classes  of  recrea- 
ational  inducements.  In  the  business  of  tourist  traffic 
one  route  becomes  competitive  with  other  routes,  region 
with  region,  and  even  State  with  State.  The  impact 
of  the  degree  of  adequacy  of  major  highways  has  large 
effects  upon  both  private  and  public  income.  The 
financial  support  for  local  road  improvements  depends 
to  great  extent  upon  the  excess  earning  capacity  of  the 
main  roads,  which  in  turn  is  dependent  upon  the 
attraction  of  potential  traffic  resulting  from  the  offering 
of  satisfactory  facilities. 

Broader  understanding  of  the  purpose  of  a  highway 
transportation  system,  viewed  as  an  entity,  will  demon- 
strate the  importance  of  such  concepts  as  priority  and 
intensity  of  use,  rather  than  integrated  vehicle  mileage 
alone,  as  standards  by  which  tax  allocations  must  be 
measured  and  financial  policies  adopted. 

Trend  in  State  tax  distribution. — Of  the  total  collec- 
tions of  State  motor-vehicle  taxes  in  1927,  73.1  percent 
were  used  for  State  highway  purposes  and  22  percent 
for  local  roads  and  streets.  By  1936  the  percentage  of 
user  taxes  spent  on  State  roads  had  decreased  to  55.2 
percent,  while  local  road  allocations  increased  slightly 
to  25.1  percent.  During  this  10-year  period,  however, 
total    vehicle   taxes  increased  90  percent,  so  that  the 


reduced   State  highway   share  still   represented   a   4 
percent  dollar  increase,  and  the  3.1  percent  rise  in  the 
local  road  allotment  was  an  actual  115  percent  dollar 
increase.     These  figures  are  shown  in  table  1. 


Table    1. — Distribution    of    motor-vehicle 
1927  and  1936  ' 


taxes    for    highways, 


Year 

Total  vehicle 
taxes  col- 
lected 

Amount  for 
si  ate  high- 
ways 

Per- 
cent 

Amount  for 
local  roads 
and  streel  • 

Per- 
cent 

1927 

$560,  027,  983 
1, 057,  995,  000 

$409,  596,  885 
583,  616,  000 

73.  1 
55.2 

$123,  176,360 
265,496.000 

2''  0 

1930 

25  1 

Percentage    c  h  :i  n  g  e 
1927-3G 

+90 

+42 

-17.9 

+  115 

+3.1 

1  Detailed  tabulation  appears  in  the  appendix,  table  B. 

It  will  be  noted  that  whereas  in  1927  vehicle  funds 
available,  for  highway  purposes  were  95.1  percent  of 
the  total,  in  1936  only  80.3  percent  of  tax  collections 
were  used  for  highways.  This  increasing  use  of  road 
funds  for  other  purposes  appears  to  have  hit  hardest 
the  State  highway  systems,  though  hidden  and  unre- 
ported diversions  by  local  units  of  government  make 
impossible  any  definite  statement  on  this  subject. 

CONTROL  OF  LOCAL  ROADS  BEING   TRANSFERRED  TO  STATES 

There  has  been  more  widespread  recognition  in  the 
past  decade  of  the  right  of  subordinate  units  of  govern- 
ment to  share  in  State  taxes.  For  whereas  20  States 
distributed  gasoline,  taxes  to  local  roads  and  streets  in 
1927,  in  1936  there  were  36  States  making  such  allot- 
ments. Registration  fees  were  used  for  local  roads  by 
27  States  in  1927  and  by  32  States  in  1936. 

City  streets. — Because  funds  allotted  to  counties  in 
many  States  may  be  used  within  municipalities,  and 
because  such  expenditures  are  not  always  reported 
separately,  it  has  not  been  possible  to  determine  accu- 
rately the  amount  of  State  money  spent  on  city  streets. 
Accordingly  these  sums  have  been  included  with  local 
road  apportionments,  and  expenditures  on  urban  exten- 
sions of  State  systems  have  been  included  in  State 
highway  disbursements  where  it  has  been  possible  to 
segregate  them  from  other  local  road  and  street  funds. 
The  best  figure  obtainable  for  State  money  spent  on 
city  streets  is  $31,408,000,  compiled  by  the  United 
States  Bureau  of  Public  Roads  for  1936.  Eleven  States 
report  such  expenditures. 

Administrative  set-tip*. — Highway  administrative 
agencies  in  the  United  States  include  the  States,  coun- 
ties, towns,  and  townships,  incorporated  cities  and 
villages,  and  miscellaneous  local  divisions  of  govern- 
ment. In  each  State  the  size,  type,  and  number  of  such 
agencies  in  operation,  and  the  relation  or  lack  of  relation 
among  them,  differ  widely. 

In  4  States  all  rural  roads  are  administered  by  the 
State  highway  departments,  while  26  States  3  have  State 
and  County  organizations;  6  have  State  and  township 
systems;  and  12  have  three  systems:  State,  county,  and 
township.  In  addition  to  these  rural  systems,  all 
States  contain  municipal  organizations  which  have 
charge  of  urban  streets,  and  half  the  States  have  further 
independent  or  semi-independent  divisions  within  the 
county,  such  as  commissioners'  districts  and  special 
assessment  districts,  both  rural  and  urban. 

In  most  States  there  is  neither  control  by  the  State 
over  the  spending  of  funds  allocated  to  lesser  govern- 

3  Including  the  State  of  Washington,  although  2  of  its  counties  still  contain  township 
units. 
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mental  units,  nor  is  there  cooperation  between  the 
State  and  local  highway  organizations.  Where  laws 
designate  that  the  State  shall  approve  county  construc- 
tion programs  financed  with  the  assistance  of  State 
funds,  such  approval  is  not  uniformly  followed  by  ade- 
quate supervision  of  the  actual  work.  Where  counties 
are  invited  to  seek  the  aid  and  advice  of  the  State,  in 
practice  the  results  are  far  from  reassuring. 

Trend  toward  centralized  administration.- — At  the  close 
of  1930  there  were  324,496  miles  of  highways  under 
State  control.  By  the  end  of  1936  State-controlled 
mileage  had  increased  to  533,144  miles,  a  64.3  percent 
addition  in  6  years.  Such  has  been  the  progress  of  a 
movement  toward  centralized  highway  administration 
which  began  in  North  Carolina  in  1931.  By  assuming- 
control  over  the  State's  46,800  miles  of  county  roads, 
North  Carolina  was  the  first  to  consolidate  its  entire 
rural  highway  system  under  the  State  highway  de- 
partment. 

It  was  not  long,  however,  before  complete  centraliza- 
tion was  adopted  in  West  Virginia,  Virginia,'1  and  Dela- 
ware. In  Maryland  20  out  of  23  counties  have  turned 
over  their  roads  for  maintenance  by  the  State,  while  a 
program  of  consolidation  under  way  in  Pennsylvania 
lias  resulted  in  State  participation  in  the  maintenance 
of  46,000  miles  of  township  secondary  roads.  On 
-January  1,  1938,  a  total  of  2,574  miles  of  Pennsylvania 
roads  in  townships,  boroughs,  and  cities  will  he  ab- 
sorbed by  the  State.  Popularity  of  the  road  consolida- 
tion program  since  1931  may  be  judged  by  figures  in 
table  2,  which  show  highway  transfers  to  the  State 
highway  departments. 

Twenty-six  separate  transfers  have  been  made  in  the 
6-year  period  1931-36,  involving  21  States  and  nearly 
172,000  miles.  It  is  of  interest  that  last  year  ]  0  States 
were  involved  in  such  transfers,  or  twice  the  number  in 
any  previous  year. 

Table  2. —  Transfers  of  local  road  mileage  to  the  Slate  highway 
departments  ' 


Year 

Number  of 

Slates 

Mileage  in- 
volved 

1931  _.                             . 

3 
1 
3 

4 

III 

73,  CM 

1932...    

37,1)28 

1933 

37,  744 

1934 

7.190 

1935  

5,  023 

1936 

10,  090 

Total 

2  21 

171,932 

i  A  detailed  tabulation  appears  in  the  appendix,  table  C. 
''  Several  States  effected  more  than  1  consolidation. 

Further  consolidations  have  been  effected  among  the 
lesser  units  of  government  in  the  assumption  of  town- 
ship road  responsibilities  by  county  highway  organiza- 
tions. It  is  generally  conceded  that  the  township, 
which  in  most  cases  contains  an  area  of  36  square  miles 
or  less,  has  no  place  in  efficient  lughway  administration, 
and  in  the  past  7  years  four  States  have  done  away  with 
these  ineffective  highway  administrative  agencies  and 
adopted  a  so-called  county-unit  form  of  highway  organ- 
ization. With  this  type  of  administration  all  roads 
within  the  county  and  not  a  part  of  the  State  system 
are  operated  as  a  unit,  with  locally  collected  taxes  in 
^townships  and  districts  being  spent  by  the  central 
county  administration  without  regard  to  township  or 
district  lines.  This  comity  unit  plan  makes  possible 
more  economical  use  of  road  machinery,  a  broader  tax 

'  Except  3  counties  which  have  elected  to  retain  control  oflocal  roads. 


basis,  cooperation  and  planning,  economy  in  main- 
tenance operations,  quantity  purchasing,  and  necessi- 
tates the  budgeting  of  funds  and  the  keeping  of  cost 
records.  When  Michigan  recently  completed  the  trans- 
fer of  60,000  miles  of  township  roads  to  county-unit 
control,  there  were  eliminated  1,376  small  administra- 
tive units. 

STATE  ADMINISTRATION  OF  ROADS  MORE  ECONOMICAL  THAN 
LOCAL  ADMINISTRATION 

Causes  of  consolidations. — The  immediate  cause  lead- 
ing to  centralization  of  road  administration  in  North 
Carolina  appears  to  have  been  the  public  desire,  accen- 
tuated by  economic  depression,  to  escape  from  county 
property-tax  levies.  It  was  proposed  that  the  State 
assume  all  future  lughway  financial  requirements,  with 
the  aid  of  a  1-cent  increase  in  the  State  gasoline  tax, 
except  that  the  counties  should  continue  payment  for 
the  servicing  of  lughway  obligations  previously  in- 
curred. The  shift  of  financial  responsibility,  then,  was 
from  property  to  motor  vehicles  and  from  local  govern- 
ments to  the  State. 

Tliis  centralization  plan,  however,  suggests  something 
more  than  a  temporary  relief  measure.  For  it  is  doubt- 
ful that  the  counties  would  have  acceded  to  such  sur- 
render of  autonomy  had  the  past  record  of  county 
highway  administration  proved  efficient  and  economical. 
That  such  terms  could  not  be  applied  to  a  majority  of 
North  Carolina  counties  was  evident  from  the  condi- 
tions which  the  State  found  in  existence  upon  taking- 
over  local  road  affairs.  Instead  of  67,000  miles  of  roads 
listed  by  the  counties  only  45,000  miles  could  be  found, 
despite  the  fact  that  2,590  miles  had  not  been  accounted 
for  in  the  original  figure.  Maintenance  varied  from 
satisfactory  standards  to  hopeless  inadequacy,  and 
maintenance  records  in  many  counties  did  not  exist. 
Some  counties  were  found  oversupplied  with  machinery, 
others  practically  destitute,  and  in  nearly  all  cases 
machines  were,  either  obsolete  or  badly  in  need  of 
repair.  Such  causes  as  these,  rather  than  temporary 
tax  relief,  are  thought  to  have  been  fundamental  in  the 
trend  toward  State  assumption  of  local  roads.  That 
the  trend  has  not  slackened  with  return  to  more  normal 
economic  conditions  may  have  a  bearing  upon  this 
point. 

Property  taxes  for  roads. — Whatever  is  to  be  said  for 
or  against  State  centralization  of  highways,  the  con- 
comitant policy  of  relieving  property  of  its  share  in 
supporting  the  highway  does  not  conform  with  the 
generally  accepted  theory  of  highway  economics:  That 
costs  should  be  paid  in  accordance  with  service  ren- 
dered. The  shifting  of  road  administration  from  local 
to  State  control  involves  no  alteration  in  the  principle 
that  highways  serve  other  functions  than  those  directly 
relating  to  motor  vehicles.  In  an  equitable  allocation 
of  highway  costs,  rational  payments  for  hind  service 
are  rightly  chargeable  to  the  land  which  is  served. 
Property  levies  are  an  essential  part  of  highway  income, 
and  their  elimination  may  not  only  deter  a  proper 
development  of  highway  facilities,  but  may  also 
constitute  an  unfair  burden  upon  the  motorist. 

A  second  criticism  of  policy  in  connection  with  high- 
way centralization  concerns  the  tendency  of  the.  State 
to  neglect  its  first  responsibility  of  preserving  the 
integrity  of  the  primary  road  investment  and  of  provid- 
ing necessary  extensions.  A  shift  in  administration  does 
not  relieve  the  State  of  obligations  previously  assumed, 
and  the  requirements  of  the  main  road  system  must  be 
recognized  prior  to  further  tax  allocations. 


P UBLIC  ROADS 


Vol.  19,  No.  1 


A  large  element  of  overriding  the  recommendations 
and  warnings  of  the  State  highway  departments  has 
characterized  the  adoption  of  State  policies  throwing 
the  cost  burden  of  additional  large  mileages  upon  the 
incomes  from  user  taxes  available  to  the  departments 
and  usually  inadequate  for  the  requirements  of  the 
existing  major  highway  systems. 

Criticism  of  small  administrative  units. — It  is  self- 
apparent  that  many  small  roadbuilding  entities  now  in 
operation  are  outworn  relics  of  the  dependence  of  trans- 
portation upon  the  horse:  That  both  the  time  and  dis- 
tance of  travel  upon  which  their  limits  were  fashioned 
have  been  reduced  to  negligible  importance.  Admin- 
istrative scope  has  expanded,  and  this  fact  must  be 
recognized  by  eliminating  the  multiplicity  of  highway 
organizations  of  minor  units  of  government  which  make 
impossible  the  operation  of  highways  as  a  coordinated 
system.  A  small  unit  is  generally  unable  to  afford 
proper  engineering  personnel,  its  staff  may  be  subject 
to  frequent  changes  because  of  elections,  and  in  general 
undue  emphasis  is  likely  to  be  placed  upon  political 
rather  than  technical  considerations. 

Short  radii  of  operation  make  the  use  of  modern 
road  machinery  uneconomical  through  excessive  over- 
head and  numerous  duplications,  while  small  purchases 
of  supplies  and  materials  impose  penalties  of  higher  unit 
prices.  Variations  among  the  jurisdictions  in  area, 
population,  taxable  valuation,  road  mileage,  topography, 
climate,  vehicles  registered,  and  traffic  volumes,  may 
make  possible  the  extension  of  road  facilities  beyond 
traffic  requirements  in  one  county,  while  a  neighboring 
unit  may  be  financially  unable  to  provide  the  taxpayer 
with  a  lasting  return  for  the  money  he  pays  for  satis- 
factory highway  services.  Budgeting,  accounting,  debt 
control,  and  planning  are  generally  beyond  the  pale 
of  local  road  administration;  while  lack  of  continuous 
maintenance,  the  use  of  force  account  methods,  and  in- 
competently controlled  spending  of  funds  collected 
outside  the  local  jurisdiction  are  weaknesses  generally 
in  evidence. 

OPTIMUM  SIZE  OF   HIGHWAY    ADMINISTRATIVE    UNIT    DISCUSSED 

Variations  among  counties  and  States. — In  most  dis- 
cussion relating  to  the  merits  or  demerits  of  centralized 
government  it  is  claimed  on  the  one  hand  that  the 
county  is  "too  small"  to  effect  a  proper  highway  ad- 
ministration, and  on  the  other  that  the  State  is'  "too 
large."  Either  statement  implies  that  counties  and 
States  are  essentially  homogeneous,  and  that  there 
exists  a  standard-size  government  unit  most  applicable 
to  proper  highway  management.  Yet  neither  counties 
nor  States  are  homogeneous  units.  Counties  may 
differ  in  area  from  the  25  square  miles  of  Arlington 
(  iounty,  Virginia,  to  San  Bernardino's  20,175  square 
miles  in  California.  This  latter  county  is  larger  than 
the  three  States  of  New  Jersey,  Delaware,  and  Maryland 
combined. 

In  population,  variations  are  even  more  pronounced, 
Loving  County,  California,  for  example,  having  but  195 
residents  compared  with  4  million  persons  living  in 
Cook  County,  Illinois.  As  regards  the  States,  the 
largest  area  is  250  times  that  of  the  smallest,  while 
populations  vary  in  the  ratio  of  138  to  1.  Nine 
States  have  more  than  100,000  miles  of  highways  (Texas 
has  over  200,000)  while  six  have  less  than  15,000.  The 
fact  that  a  county  may  be  larger  than  the  State  of 
Delaware,  in  which  State  centralization  of  highways  is 


in  effect,  presents  the  possibility  that  the  State  may 
actually  be  "too  small"  and  the  county  "too  large." 

Consideration  of  the  county  as  a  highway  adminis- 
trative unit  must  take  into  account  the  two  different 
general  types  of  county,  the  rural,  and  the  urban.  It 
is  the  rural  county  which  is  so  often  unadapted  to  the 
performance  of  highway  functions  because  of  the  limita- 
tions of  its  resources  and  the  lack  of  sufficient  highway 
activity-  to  permit  large-scale  operations,  either  inten- 
sive or  extensive.  The  urban  county  winch  contains  a 
large  city  and  considerable  traffic  and  population,  how- 
ever, is,  by  reason  of  its  wealth,  responsibilities,  and  in- 
tensive road  needs,  a  logical  highway  administrative  unit. 
Such  urban  counties  nevertheless  are  handicapped  in 
their  function  of  improving  highways  by  reason  of 
the  fact  that  they  are  usually  part  of  a  larger  metro- 
politan area  embracing  more  than  one  county,  as  well 
as  lesser  jurisdictions  such  as  towns  and  villages.  Def- 
inite legislation  is  accordingly  needed  for  effectuating 
correlated  action  throughout  the  metropolitan  district, 
both  in  planning  the  transportation  system  as  a  whole 
and  in  detail,  and  in  fixing  priorities  for  the  improve- 
ment program.  It  is  necessary,  therefore,  to  distinguish 
between  such  counties,  and  to  recognize  that  to  speak 
merely  of  the  size  of  an  administrative  unit  may  be 
inconsequential,  if  not  misleading. 

Since  such  special  considerations  must  be  taken  into 
account,  it  seems  obvious  that  no  definite  standard-size 
unit  can  be  prescribed  which  will  be  a  universal  absolute 
for  highway  administration.  The  intensity  of  highway 
needs  varies,  as  well  as  the  degree  to  which  a  region  has 
been  developed  and  the  type  of  its  development.  Large 
agricultural  regions  might  prove  nearer  the  optimum 
unit  for  highway  administration  than  large  areas  of 
concentrated  industrial  development.  Physical  charac- 
teristics such  as  topography  and  climate  are  important 
factors  for  consideration  as  well  as  possible  sources  of 
highway  funds  and  probable  necessary  amounts  of 
expenditures. 

The  optimum  sice  of  highway  units. — Certain  charac- 
teristics of  local  government  mentioned  are  susceptible 
to  correction,  such  as  lack  of  planning,  budgeting,  and 
other  administrative  matters.  It  is  claimed  by  the 
opponents  of  centralization  that  county  government 
may  be  revived  by  effecting  reform  along  these  lines. 
But  many  criticisms  against  the  local  highway  unit  as 
an  administrative  body  are  functions  of  physical  char- 
acteristics which  are  not  susceptible  to  "reform."  No 
matter  how  efficient  its  system  of  accounting  nor  how 
expert  its  highway  commission ,  local  government  may 
still  be  limited  to  uneconomical  operations  unless  it  is 
able  to  raise  sufficient  funds  to  pay  the  highway  bill 
and  Tin  less  the  scope  of  construction  and  maintenance 
requirements  will  allow  fullest  utilization  of  equipment, 
a  proper  distribution  of  overhead,  and  the  economical 
operation  of  a  competent  engineering  organization. 

The  economist  recognizes  that  a  profitable  industrial 
plant  is  limited  in  its  physical  equipment  to  an  optimum 
unit  of  operation:  That  unwieldy  production  units 
cause  economies  of  large-scale  production  to  give  way 
to  dis-economies,  and  that  particular  circumstances  may 
alter  the  optimum  plant  even  in  the  case  of  similar 
products.  On  the  other  hand,  horizontal  combination 
of  a  number  of  optimum  production  units  under  cen- 
tralized administration  is  entirely  in  keeping  with 
economical  operation.  The  so-called  American  trust  is 
an  example  of  such  horizontal  combines.  In  other 
words  an  industry  may  require  technical  decentraliza- 
tion and  managerial  centralization. 
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This  principle  of  economics  appears  to  be  applicable 
to  the  provision  of  highway  facilities,  in  which  optimum 
highway  operating  units  might  be  determined  upon, 
and  their  management  directed  centrally.  Such  is  the 
general  plan  adhered  to  in  the  division  of  State  highway 
systems  into  engineering  districts,  and  suggested  in  the 
relation  existing  between  the  Federal  and  State 
governments. 

It  does  not  appear  unworkable  that  all  rural  roads  in 
a  State  might  be  operated  on  a  similar  basis.  Each 
State  might  contain  several  highway  operating  units 
varying  as  to  optimum  sizes  in  accordance  with  particu- 
lar considerations.  These  districts  might  be  a  grouping 
of  counties  or  other  local  jurisdictions  into  regional 
areas.  In  small  States  or  States  essentially  agricultural 
the  entire  area  might  be  determined  the  optimum,  in 
which  case  consolidation  of  all  roads  in  the  State  would 
be  economically  in  order.  Whatever  the  size  and  num- 
ber of  operating  units,  however,  financial  and  planning 
administration  might  still  be  centered  in  the  State. 

DATA  BEING  OBTAINED  TO  ENABLE  PLANNING  OF  FUTURE 
HIGHWAY  PROGRAMS 

The  establishment  of  the  State  highway  departments 
was  recognition  of  the  need  of  centralized  administra- 
tion in  creating  a  primary  system  of  roads,  and  in  the 
spending  of  State  vehicle  taxes  with  wisdom  and  coordi- 
nation for  the  best  interests  of  the  whole  State.  Local 
units  of  government  on  the  other  hand  were  left  to 
administer  their  individual  highway  affairs,  which  were 
truly  local  affairs  financed  by  local  money.  With  the 
State-wide  extension  of  motor  transport,  however,  all 
roads  within  a  State  developed  into  a  network  which  it 
was  necessary  to  view  as  a  whole.  Recognition  of  the 
wider  influence  of  secondary  roads  was  granted  in  the 
form  of  allocations  of  State  money  to  local  units  of 
government  which  were  not  established  to  be  expending 
agencies  for  such  funds.  Accordingly,  the  principle 
came  to  be  tolerated  that  there  should  be  centralization 
of  certain  highways  in  the  State,  financed  by  State 
funds,  and  decentralization  of  certain  other  roads,  also 
financed  with  State  taxes,  in  a  multiplicity  of  lesser 
governmental  units.  There  is  basic  conflict  between 
these  two  policies.  On  the  one  hand  it  is  accepted  that 
the  highways  constitute  a  closely-knit  system;  on  the 
other  hand  uncorrelated  policies  of  finance  develop 
them  as  a  patchwork. 

The  chief  objections  to  State  control  of  all  highways 
are  for  the  most  part  political  rather  than  economic. 
That  is,  there  is  general  recognition  of  the  possibilities 
of  economy  and  a  coordination  with  control  centered 
in  the  State  highway  department,  but  there  is  fear 
concerning  the  effect  on  local  government  which  might 
result  from  eliminating  local  highway  administration. 
Such  action,  it  is  asserted,  would  tend  to  discourage 
interest  in  other  local  governmental  functions  and 
eventually  to  bring  about  complete  State  centraliza- 
tion. This  would  be  the  first  step,  according  to  stock 
arguments,  toward  the  destruction  of  self-government, 
individual  initiative,  and  democracy. 

The  "fine-woven  rhetorical  expressions"  advanced 
in  behalf  of  local  government,  it  is  pointed  out,  must 
be  tempered  with  the  common-sense  observation  that 
highway  transportation  is  not  a  function  properly 
D  confined  to  imaginary  and  outmoded  political  bound- 
aries. To  claim  that  the  preservation  of  democracy 
depends  upon  the  maintenance  of  such  a  system  has 
been  construed  by  some  as  an  argument  for  govern- 
mental waste  and  inefficiency;  and  to  extol  the  small 


local  unit  as  a  "school  for  democracy"  has  been  chal- 
lenged on  the  grounds  that  accounting  and  engineering 
are  so  often  omitted  from  its  course  of  study.  The 
statement  has  been  made  that  if  democracy  can  coexist 
with  such  philosophies  of  government  there  is  little 
fear  that  it  would  perish  from  State  financial  adminis- 
tration of  highways. 

Factors  supporting  centralization  trend. — A  considera- 
tion of  importance  with  regard  to  the  future  possi- 
bilities of  centralized  highway  administration  is  the 
recently  inaugurated  Federal  assistance  for  secondary 
road  development.  During  the  depression  years  sec- 
ondary roads  and  urban  streets  were  granted  various 
emergency  appropriations  by  the  Federal  Government 
for  the  prime  purpose  of  furthering  employment.  In 
the  present  fiscal  year,  however,  regular  Federal-aid 
grants  of  $25,000,000  are  available  for  secondary  road 
improvement,  to  be  matched  by  equal  amounts  of 
State  funds.  It  is  of  significance  that  the  State  highway 
departments  may  employ  the  services  of  competent 
county  highway  organizations  acting  under  direction 
of  the  State,  in  the  preparation  of  plans,  surveys,  and 
specifications,  and  in  the  supervision  of  construction. 
Where  laws  limit  the  State  highway  department  in 
the  extent  of  mileage  it  can  maintain,  the  State  may 
draw  up  agreements  with  lesser  governmental  units 
which  will  attend  to  the  maintenance  of  these  second- 
ary roads.  No  such  agreement  will  be  approved,  how- 
ever, if  any  road  previously  built  with  Federal  funds 
and  currently  maintained  by  a  county  or  lesser  political 
unit  is  not  being  kept  in  satisfactory  condition. 

Centralization  and  planning.— A  further  development 
toward  closer  cooperation  between  State  and  county, 
and  greater  control  by  the  State  over  local  roads  is  the 
promising  possibility  of  State-wide  highway  planning. 
Surveys  now  under  way  to  provide  the  facts  necessary 
for  plans  may  be  made  the  instrument  for  publicizing 
the  inadequacies  of  small  highway  units,  and  for 
revealing  to  the  taxpayer  how  much  of  his  money 
supports  obsolete  governmental  machinery  instead  of 
better  roads.  It  is  also  hoped  that  State  legislation 
may  follow  the  findings  of  such  surveys  when  questions 
of  highway  administrative  reform  arise. 

Some  of  the  immediate  purposes  of  the  State-wide 
planning  surveys  are  included  in  the  following: 

1.  To  define  the  mileage  of  roads  within  each  State 
to  be  supported  by  public  funds. 

2.  To  determine  the  use  made  of  the  parts  of  this 
system,  hence  the  sources  of  necessary  taxes  and  their 
proper  distribution. 

3.  To  determine  future  construction  requirements  for 
extensions,  improvements,  and  replacements. 

4.  To  determine  the  priority  of  such  construction 
projects. 

5.  To  estimate  necessary  maintenance  operations. 

6.  To  estimate  future  highway  income  and  to  budget 
this  sum  according  to  estimated  future  financial  require- 
ments. 

These  several  purposes  emphasize  the  need  for  control 
by  a  central  agency  to  supersede  uncoordinated  plans 
which  result  from  the  operation  of  a  large  number  of 
highway  jurisdictions  acting  independently.  In  order 
that  planning  may  be  effective  throughout  the  State 
there  must  be  an  administrative  control  with  greater 
power  than  any  of  the  separate  minor  units.  Planning 
which  is  "State  wide"  cannot  be  attained  by  a  number 
of  individual  plans  within  the  State,  but  only  by  a 
central  plan  which  applies  to  an  integrated  system. 
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In  review  of  the  foregoing  status  and  trends  in  State 
vehicle  tax  distribution  for  highways  and  in  highway 
administrative  procedure,  a  summary  of  the  data  is 
presented,  followed  by  a  list  of  conclusions  and  recom- 
mendations suggested  by  them. 

1.  Approximately  one-fourth  of  all  .State  motor- 
vehicle  taxes  were  distributed  for  local  road  and  street 
purposes  in  1936. 

2.  The  share  of  State  funds  allocated  to  local  roads 
and  streets  has  increased  only  3.1  percent  in  the  last  10 
years,  while  the  actual  money  so  distributed  shows  a 
115  percent  dollar  increase  during  the  same  period. 

3.  The  State  highway  share  of  motor-vehicle  taxes  has 
decreased  more  than  17  percent  in  10  years,  while  the 
dollar  allotment  has  increased  42  percent. 

4.  State  funds  are  distributed  to  local  units  of  govern- 
ment in  widely  varying  amounts  and  without  regard  to 
traffic  generated,  five  States  making  no  allocations  and 
one  distributing  more  than  24  million  dollars. 

5.  Methods  of  distribution  among  each  separate  local 
unit  are  generally  untenable,  being  made  in  equal 
amounts  or  on  the  basis  of  area,  population,  road  mile- 
age, assessed  valuation,  vehicle  registrations,  tax  collec- 
tions, or  a  combination  of  two  or  three  of  these. 

6.  In  most  cases  the  States  retain  no  control,  or 
merely  nominal  control,  over  the  spending  of  vehicle 
taxes  used  on  local  roads  and  streets. 

7.  Four  States  have  consolidated  all  rural  roads  in 
the  State  highway  departments,  while  26  States  have 
State  and  county  organizations,  6  have  State  and  town- 
ship units,  and  12  have  three  systems:  State,  county, 
and  township. 

S.  In  the  past  6  years  21  States  have  shifted  171,932 
miles  of  local  roads  to  State  control,  constituting  a 
64.3  percent  increase  iti  State  mileage  during  that  period. 

9.  More  States  were  involved  in  local  road  consoli- 
dations in  1936  than  in  any  previous  year. 

10.  In  the  past  7  years  4  States  have  eliminated  all 
township  road  units. 

1 1.  The  highway  consolidation  movement  has  shifted 
the  highway  tax  from  local  to  State  government  and 
from  property  to  motor  vehicles. 

RECOMMENDATIONS  AND  CONCLUSIONS 

1.  Allocation  of  State  vehicle  taxes  to  local  roads 
and  streets  should  be  made  with  reference  to  both 
volume  and  intensity  of  traffic  generated,  but  with 
consideration  for  the  priority  of  primary  road  require- 
ments so  that  transportation  facilities  for  the  inte- 
grated system  may  be  adequate  and  at  lowest  total 
cost. 

2.  The  State  should  maintain  adequate  control  over 
all  projects  on  which  State  money  is  used. 

3.  Arbitrary  political  boundaries  have  no  relation  to 
functions  of  highway  transport. 

4.  A  highway  operating  unit  may  be  limited  in  its 
ability  to  function  economically  by  reason  of  certain 
characteristics  inherent  in  small-scale  operations. 

5.  A  highway  administrative  area  is  not  necessarily 
limited  to  the  optimum  unit  determined  upon  for 
construction  and  maintenance  operations,  and  should 
embrace  sufficient  area  to  permit  quantity  purchasing, 
specialized  personnel,  and  a  coordinated  highway 
program. 

6.  With  the  transfer  of  local  roads  to  State  control, 
benefits  to  land  remain  a  legitimate  highway  service 
which  should  be  recognized  by  property  contributions 
to  the  highway  fund. 


7.  It  is  important  that  the  State  should  provide 
first  for  all  primary  road  obligations  before  assuming 
added  burdens  in  connection  with  local  roads. 

8.  Federal  aid  for  secondary  roads  is  recognition  of 
the  fact  that  such  parts  of  the  highway  system  arc  of 
more  than  local  service.  This  new  Federal  policy 
promises  to  create  closer  cooperation  between  States 
and  local  units. 

9.  State- wide  planning  surveys  constitute  the  first 
wholesale  attempt  to  bring  before  the  public  and  legis- 
lative bodies  facts  concerning  the  need,  for  sane  finan- 
cial and  administrative  policies. 

10.  State-wide  plans  cannot  be  successful  without  a 
central  planning  authority. 

11.  The  failure  of  any  State  to  provide  a  major 
system  of  highways  not  only  adequate  but  attractive 
to  the  rapidly  growing  tourist  and  recreational  traffic 
residts  in  large  losses  of  potential  income  to  the  public 
from  the  user  taxes  and  to  private  business  relying  upon 
the  highway  travel. 

The  failure  to  establish  and  to  follow  sound  principles 
of  financial  administration  is  a  serious  cause  of  lack  of 
progress  toward  adequate  major  highways  where  this 
condition  exists. 

12.  The  waste  of  highway  funds  by  duplicate  local 
units  and  the  uneconomical  operations  they  necessitate 
brands  financial  administration  the  least  progressive 
field  of  highway  transportation. 

SUMMARY 

Last  year  approximately  a  quarter  of  a  billion  dollars, 
or  one-fourth  of  total  State  motor-vehicle  collections, 
was  distributed  for  local  road  and  street  purposes. 

Study  of  the  past  10-year  trend  in  this  allocation  of 
State  funds  reveals  that  the  1936  allotment  was  more 
than  double  the  amount  distributed  to  local  jurisdic- 
tions in  1927.  The  percentage  of  total  collections  so 
distributed,  however,  has  increased  during  that  period 
by  only  3  percent. 

The  amount  of  State  funds  spent  on  State  roads  has 
also  increased  in  this  10-year  period,  but  the  increase 
has  been  only  42  percent  as  compared  with  the  115 
percent  increase  in  local  road  apportionments.  More- 
over, there  has  been  an  actual  decrease  of  17  percent 
in  the  share  of  total  State  taxes  so  used.  This  dis- 
crepancy appears  to  be  a  result  of  a  wholesale  use  of 
funds  for  other-than-highway  purposes. 

The  amounts  of  user  taxes  going  to  local  units  of 
government  vary  widely  from  State  to  State,  as  do  the 
methods  upon  which  such  distribution  is  based.  In 
1936  five  States  made  no  allocations  to  local  roads,  while, 
one  State  distributed  two-thirds  of  all  motor-vehicle 
receipts.  Distribution  among  the  local  units  was 
found  to  be  based  on  a  variety  of  criteria,  including 
population,  area,  vehicle  registrations,  valuation,  tax 
collections,  road  mileage,  and  combinations  of  these 
factors.  In  some  States  these  funds  are  distributed 
equally  among  the  local  governments. 

It  lias  been  found  that  these  methods  of  local  road 
allocations  often  fail  to  reflect  properly  the  needs  of 
the  highway  system  as  a  whole.  For  an  economic 
distribution"  of  funds  requires  that  money  be  spent 
according  to  the  needs  of  traffic,  expressed  in  terms  of 
the  lowest  possible  total  cost  of  transportation,  which 
includes  not  only  road  costs  but  vehicle  operating 
costs.  In  other  words  it  is  not  merely  total  traffic 
which  must   be  considered,  but    the  concentration   of 
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this  traffic:  The  intensive  as  well  as  the  extensive  use 
made  of  the  highway  system.  Moreover,  since  all 
needed  improvements  cannot  be  made  simultaneously, 
funds  must  be  spent  according  to  a  priority  which  will 
permit  the  largest  reduction  of  total  transportation 
costs  to  be  made  first.  In  determining  this  priority 
it  should  be  remembered  that  because  of  the  integration 
of  traffic  on  several  road  systems,  it  is  advisable  to 
improve  the  primary  system  first,  since  it  carries  the 
largest  amount  of  concentrated  traffic  and  its  improve- 
ment brings  about  increased  travel  and  increased 
receipts  for  the  support  of  local  roads. 

It  has  been  found  that  the  spending  of  Slate  funds  by 
local  governments  is  not  always  to  best  advantage 
because  it  is  not  properly  controlled  by  the  St n to. 
In  addition,  a  complexity  of  lesser  units  of  government 
discourages  broad  improvement  programs,  coordination, 
and  long-range  planning.  Many  local  units  do  not 
comprise  sufficient  taxable  wealth  and  highway  activ- 
ities to  qualify  them  as  logical  highway  administrative 
agencies. 

In  the  search  for  the  proper  scope  for  highway  activi- 
ties it  is  concluded  that  there  may  be  a  distinction 
between  the  highway  administrative  unit  and  the  eco- 
nomic operating  unit:  That  the  former  may  comprise 
several  of  the  latter.  This  principle  is  recognized  to 
some  extent  in  the  relation  between  the  Bureau  of 
Public  Roads  and  the  State  highway  departments,  as 
well  as  in  the  division  of  a,  State  into  State  highway 
districts. 

Operating  units  which  do  not  have  sufficient  taxable 
wealth  and  traffic  may  require  consolidation  before  they 
are  able  to  perform  their  functions  economically. 
Among  other  things  there  must  be  sufficient  road  work 
to  allow  efficient  utilization  of  equipment,  and  sufficient 
appropriations  to  permit  a  competent  engineering  force. 

Two  types  of  counties  are  recognized:  Rural  and 
urban.  Rural  county  highway  units  may  comprise 
large  areas  for  economic  highway  operations;  while  the 
urban  county,  because  of  its  wealth,  population,  and 
traffic,  may  properly  be  confined  to  a  small  area. 
Because  the  urban  county  is  usually  part  of  a  larger 
metropolitan  area  containing  other  counties,  as  well  as 
towns  and  villages,  immediate  legislation  is  needed  for 
effectuating  correlated  action,  both  in  planning  the 
transportation  system  of  the  region  as  a  whole  and  in 
detail,  and  in  fixing  priorities  for  improvement  pro- 
grams. 

Correction  of  the  weaknesses  of  highway  administra- 
tive finanee,  when  left  to  the  discretion  of  a  large  number 
of  local  governments,  has  been  attempted  by  consolida- 
tion of  road  units,  particularly  by  the  transfer  of  local 
roads  to  Slate  control.  In  the.  past  6  years  21  States 
have  taken  over  172,000  miles  of  local  roads,  consti- 
tuting a  64-percent  increase  in  Slate  mileage  during  thai 
period.  Four  States  have  eliminated  all  locally  admin- 
istered rural  highways.  As  regards  the  other  adminis- 
trative set-ups,  26  States  have  State  and  county  organ- 
izations, 6  have  State  and  township  units,  and  12  have 
three  systems:  State,  county,  and  township. 

Transfers  of  local  roads  to  State  control  have  brought 
about  a  shift  of  the  road  burden  from  land  to  motor 
vehicles  and  from  local  government  to  the  Stale 

Although  the  road-consolidation  movement  was  pre- 
cipitated by  the  recent  economic  depression,  as  a  means 
of  relieving  property  of  the  road-tax  burden,  it  appears 
that  the  inherent  failings  of  incompetent  local  govern- 
ments have  been  underlying  causes  of  the  movement. 
For  in  1936,  10  States  effected  local  road  transfers  to 


their  State  highway  departments,  a  larger  number  than 
in  any  previous  year. 

It  is  felt  that  the  policy  of  Federal-aid  appropriations 
for  secondary  roads,  as  well  as  the  trend  toward  highway 
planning,  will  in  many  cases  accentuate  the  movement 
for  State  administration  of  rural  roads. 

APPENDIX 

Table   A. — Legal   provisions   regulating  the  use  of  Stale   motor- 
vehicle  funds  for  local  roads  and  streets  ' 

GASOLINE  TAXES 


State 

Tax 

rale 

Distribution  to  local  roads  and  city  streets 

('ml* 

A  labama 

6 

3  cents  to  counties,  distributed  equally. 

Arizona 

S 

Mo  to  counties,  according  i<>  gasoline  sales  in  each 

Arkansas 

6,  .r. 

7  7  percent  to  counties,  nn  basis  of  population,  registra- 
tion, and  area. 

( !alifornia 

3 

'•2  tn  counties;  $5,000  for  each  county  and  county-city, 
4  times  per  year;  balance  distributed  according  to 
registrations. 

Colorado 

4 

27  percent  to  counties,  3  percent  for  extensions  of  State 
system  in  cities,  towns,  and  counties;  on  basis  of  State 
mileage  in  counties. 

Connecticul    . 

3 

Delaware.      .. 

1 

Florida 

3  cenl    to  count  ies,  distributed  among  (hem  by  particular 

statutes 

Oeorgia 

6 

1  cent  tu  counties  on  basis  of  State-aid  mileage  in  each. 

[daho    .     - 

5 

Illinois 

1  :  to  counties,  '  i  1"  municipalities,  on  basis  of  vehicles 

tered. 

Indiana 

1 

in  percent  to  counties,  10  percent  to  cities;  according  to 
population. 

Iowa..-  .. 

3 

)b  i«i  counties,  by  area. 

;; 

5 

Kentucky... 

Louisiana 

1 

Maine 

To  general   highway  fund,   with  registration  fees,  from 

winch  $150,000  foes  to  (own  roads,   $700,000  to  third 

class  roads,  on  mileage  basis,  and  $1,000,000  to  State-aid 

roads  according  to  town  valuation. 

Maryland. 

4 

1.05  cents  to  counlies,  by  mileage  of  county  roads;  1.15 
cents  to  Baltimore  citv. 

Massachusetts 

3 

Michigan...    . 

3 

To  State  highway  fund,  with  registration  fees,  from 
which  $6,000,000  goes  to  counties,  Js  in  proportion  to 
fees  collected,  >k  equallv. 

Minnesota 

:i 

>S  to  counties,  based  on  mileage  and  traffic  needs. 

Mississippi .. 

6 

."i  cents  to  counties,  on  basis  of  population,  registrations, 
and  area. 

Missouri 

2 

5 

4 

Nebraska 

; .  in  counties. 

Nevada 

4 
4 

New  Hampshire 

Small  amount  to  some  local  roads  (less  than  9  percent  of 

total  in  193fi). 

New  Jersey . 

3 

$5,000,000  to  city  streets. 

New  Mexico.   

5 

New  York 

3 

5  percent,  to  New  York  City;  20  percent  to  counties,  by 
mileage 

North  Carolina 

6 

North  Dakota 

3 

>3  to  counties  on  basis  of  registration  fees  collected. 

Ohio 

4 

3  cents,  minus  about  $285,000,  to  counties,  villages,  and 
townships  on  basis  of  vehicles  registered. 

Oklahoma 

4 

U  to  counties,  according  to  population  and  area. 

Oregon.  

5 

Pennsylvania 

4 

1  cent  to  counlies,  based  on  gas-tax  returns  during  pre- 
ceding 3  years. 

Rhode  Island 

o 

South  Carolina 

6 

1  cent  to  counties,  based  on  registrations. 

South  Dakota... 

4 

Tennessee. ..  .. 

' 

1  -  rent  by  area. 

Texas 

4 

t 

Vermont 

4 

$; .nun  to  local  roads,  by  mileage. 

$239,1101)  in  1936  for  the  3  counties  not  under  State  control. 

Washington 

.'!  cents  to  counties  and  cities,  according  to  gas  sales. 

West  Virginia 

4 

Wisconsin 

4 
4 

Wyoming 

25  percent  to  counties;  based  30  percent  on  area,  30  percent 

on  rural  population,  and  40  percent  on  assessed  valua- 

tion. 

REGISTRATION  FEES 


Alabama 

20  percent  to  incorporated  municipality  or  count  v  where 

owner  resides. 

50  cents  of  original  fee  retained  by  county. 

Arkansas 

California 

Approximately  30  percent  to  counties  in  proportion  to 
registrations. 

Colorado...   ...... 

50  percent  to  counties  in  proportion  to  collections. 

i  lonnecl  icut 

Delaware 

Florida...     ..   

Georgia 

1  Data  incomplete. 
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Table   A. — Legal   provisions  regulating  the  use  of  State  motor- 
vehicle  funds  for  local  roads  and  streets — Continued 

REGISTRATION  FEES-Continued 


State 

Tax 
rate 

Distribution  to  local  roads  and  city  streets 

Idaho  .. 

90  percent  retained  by  counties. 

Illinois ..  . 

Yi  to  counties  and  cities;  counties,  7A  on  mileage,  \i  on 

population;  cities,  on  basis  of  population. 

Kansas 

10  cents  of  each  registration  to  county. 

Kentucky 

Maine 

Maryland 

After  debt  service  and  operating  expenses  of  motor-vehicle 

Massachusetts 

department,  traffic  court,  etc.,  30  percent  to  Baltimore. 

Michigan 

See  gas-tax  data. 

Minnesota 

Mississippi 

All  to  counties  where  collected. 

Missouri 

Montana 

All  to  counties  where  collected. 

Nebraska 

5  cents  retained  by  counties  for  each  original  registration. 

Nevada 

New  Hampshire 
New  Jersey 

Small  sum  for  State-aid  ($272,000  in  1930). 
Carrier  taxes  to  municipalities. 

New  Mexico 

15  percent  to  counties  in  proportion  to  registrations. 

New  York 

25  percent  to  counties. 

North  Carolina 

North  Dakota 

Ohio 

47  percent  to  counties  where  car  registered. 

Oklahoma 

9  percent  to  cities,  51  percent  to  counties. 

Oregon 

Pennsylvania 

Rhode  Island . 

South  Carolina 

South  Dakota 

76H  percent  to  counties  where  collected. 

Tennessee- 

Texas .  ... 

100  percent  to  countv  where  collected,  up  to  $50,000;  50 

Utah 

percent  up  to  $175,000. 

Vermont 

Virginia 

Washington 

West  Virginia 

Wisconsin 

20  percent  retained  by  town,  village,  and  city;  also  $3,000,- 

Wyoming 

000  to  counties  for  State-aid  roads,  40  percent  on  basis  of 
registrations  and  60  percent  by  mileage. 

Table  B. — Disposition   of  State   motor-vehicle   receipts   to   State 
highways  and  local  roads  and  streets,  1927-36 

REGISTRATION  FEES 


Year 

Total  funds 
distributed 

For  State 
highway 
purposes 

Per- 
cent 

For  local 

roads  and 

streets 

Per- 
cent 

Total  fund 
to  State 
highways, 
local  roads, 
and  streets 

Per- 
cent 

1927 

$301,061,132 
322,  630,  025 
347,  843,  543 
355,  704,  860 
344, 337,  054 
324,  273,  510 
301,  315,  447 
318,576,965 
324,  855, 135 
374,  921,  000 

$220,  645,  359 
235, 142, 906 
250,  704,  624 
253,  013,  603 
234,  593, 379 
188,  539, 140 
157,  754,  844 
175, 382, 722 
173,  477,  594 
194, 491,  000 

73.3 

72.9 
72.1 
71.1 
68.1 
58.1 
52.4 
55.1 
53.4 
51.9 

$61,  543,  245 
66, 569, 311 

73,  226,  339 

74,  639,  463 
79, 388, 101 

83,  298,  207 
75, 943,  682 

84,  356,  966 
87,  587,  250 
98,241,000 

20.4 
20.6 
21.1 
21.0 
23.1 
25.7 
25.2 
26.5 
27.0 
26.2 

$282, 188, 604 
301, 712, 217 
323,  930,  963 
327,  653,  066 
313,981,480 
271,837,347 
233,  698,  526 
259,  739,  688 
261, 064,  844 
292,  732,  000 

93.7 

1928 

93.5 

1929 

93.2 

1930. 

92  1 

1931 

91  2 

1932.... 

83.8 

1933 

77.6 

1934 

81  6 

1935. 

80.4 

1936 

78.1 

Tntul... 

3,315,519.271 

2,083,745,171 

62.8 

784, 793,  564 

23.7 

2, 868, 538, 735 

86.5 

GASOLINE  TAXES 


1927. 

$258,966,851 
305,  233, 842 
431,  636,  454 
494,  683,  410 
537,589,717 
514,138,900 
519,  403,  450 
565, 139,  596 
615,  580,  975 
683, 074, 000 

$188,951,526 
225,315,715 
318,087,598 
359,  797,  465 
381,711,610 
336, 144,  197 
314,  432,  266 
333, 196,  930 
348,  651,  966 
389, 125, 000 

73.0 

73.8 
73.7 
72.7 
71.0 
65.4 
60.5 
59.0 
56.6 
57.0 

$61,633,115 
68,  562,  491 
101,961,887 
118,  247,  702 
134,318,053 
127,  220,  400 
153,  777,  094 
138,  338,  782 
150,  546,  567 
167,  255,  000 

23.8 
22.5 
23.6 
23.9 
25.0 
24.7 
29.6 
24.5 
24.5 
24.5 

$250,  584,  641 
293,  878,  206 
420,  049,  485 
478,  045, 167 
516,  029,  663 
463, 364,  597 
468,  209,  360 
471,535,712 
499, 198,  533 
556, 380, 000 

96  8 

1928. 

96  3 

1929 

97  3 

1931 

96.6 
96  0 

1932 

90  1 

1933... _ 

1934.... 

1935. 

1936 _. 

90.1 
83.5 
81.1 
81.5 

Total... 

4, 925, 447, 195 

3,195,414,273 

64.9 

1,221,861,091 

24.8 

4,417,275,364 

89.7 

TOTAL  MOTOR-VKniCLB  TAXES 


1927. 

1928 

1929 

1930 _. 

1931 

1932 

1933 

1934 

1935 

1936 

Total. 


$560, 
627, 
779, 
850, 
881, 
838, 
820, 
883, 
940, 

1.  057, 


027,  983 
863,  807 
479,  997 
388,  270 
927,371 
412,410 
718,  897 
716,561 
436,110 
995,  000 


8,240,966.  16(j 


$409,  596,  885 
460,  458,  621 
568,  792,  222 
612,811,068 
616,  304.  989 
524,  683,  337 
472,  187,  110 
508,  579,  652 
522, 129,  560 
583,616,000 


5,  279, 159, 444 


73.1 
73.3 
73.0 
72.1 
69.9 
62.6 
57.5 
57.5 
55.5 
55.2 


64.1 


$123, 
135, 
175, 
192, 
213, 
210, 
229, 
222, 
238, 
265, 


176,  360 
131,  802 
I8\226 
887,  165 
706, 154 
518,607 
720,  776 
695,  748 
133,  817 
496,  000 


2,006,  65  I,  655 


22.0 
21.5 
22.5 
22.7 
24.2 
25.1 
28.0 
25.2 
25.3 
25.1 


24.3 


$532, 
595, 
743, 
805, 
830, 
735, 
701, 
731, 
760, 


773,  245 
590,  423 
980,  448 
698,  233 
011, 143 
201,  944 
907,  886 
275,  400 
263, 377 
112,000 


7, 285, 814, 099 


95.1 
94.8 
95.5 
94.8 
94.1 
87.7 
85.5 
82.7 
80.8 
80.3 


S  t 


Table  C. — Road  consolidations 


Year 

State 

Local 
road 

mileage 
trans- 
ferred 

to  State 

Year 

State 

Local 
road 

mileage 
trans- 
ferred 

to  State 

[North  Carolina 

Pennsylvania 

j  Louisiana 

Total 

46, 826 

20,  167 

6,658 

1935 

1936 
1927-36... 

(Delaware 

2,602 

Nebraska 

1,391 

1931 

iMissouri . 

[Nevada 

Total 

834 
796 

73, 651 

Virginia 

[West  Virginia 

Oregon 

■(California 

1       Total. 

/Minnesota. 

Missouri 

Georgia 

5  623 

1932 

37, 028 

29, 098 
2,  046 
6,600 

428 

Georgia 

648 

340 

1933 

New  Mexico 

Ohio 

2,021 
2,391 

37,  744 

Oklahoma. 

\  South  Carolina 

Texas 

Missouri  

Pennsylvania 

Total 

606 
419 

4,356 
937 
367 
871 
659 

579 

914 

2,350 

1934 

I  Kentucky 

1       Total 

10, 696 

Total  transfers. . 

7,190 

171,932 

SNOW  REMOVAL  AND  ICE  TREATMENT 
ON  RURAL  HIGHWAYS 

Reported  by  H.  A.  RADZIKOWSKI,  Associate  Highway  Engineer,  Division  of  Construction,  Bureau  of  Public  Roads 


Modern  Highways  Are  Designed  so  as  to  Minimize  the  Amount  of  Snow-Removal  Work  Needed  to  Keep  Them  Open  to 

Traffic. 


IN  ORDER  THAT  the  large  volumes  of  traffic  using 
their  main  highways  can  be  served  with  facility  and 

safety  during  the  winter,  all  of  the  northern  and  western 
States  annually  spend  substantial  sums  for  snow  re- 
moval and  ice  treatment.  Operations  during  the  win- 
ter 1936-37,  the  latest  for  which  data  are  available, 
indicate  the  importance  of  this  duty  of  the  State  high- 
way-maintenance forces. 

Data  compiled  from  reports  by  36  States  show  that 
they  spent  $17,099,626  to  free  217,243  miles  of  main 
highways  from  ice  and  snow  during  the  winter  1936-37. 
These  data,  given  by  States  in  table  1,  show  that  the 
major  equipment  used  in  this  work  was  as  follows: 

Equipment:  Number 

Trucks 13,634 

Tractors 1,316 

Graders 2,505 

Plows  for  trucks: 

Displacement  type.  _    _        .      12,784 

Rotor  type 209 

Plows  for  tractors: 

Displacement  type 1,  029 

Rotor  type 107 

Power  shovels 41 

In  addition  to  actual  removal  of  snow,  the  States 
erected  a  total  of  12,040  miles  of  snow  fence  to  prevent 
snow  from  drifting  onto   the  highways.     In   each   of 


7  States  the  mileage  of  roads  cleared  of  snow  exceeded 
10,000  miles;  in  each  of  5  States  the  cost  of  snow 
removal  and  ice  treatment  exceeded  $1,000,000. 

Average  snowfall  figures  for  each  State,  reported  by 
the  United  States  Weather  Bureau,  are  shown  in 
table  1.  These  data  are  average  figures  for  the  entire 
State,  compiled  from  records  at  stations  located  in 
various  parts  of  the  State.  The  average  snowfall  dur- 
ing the  1936-37  season  was  less  than  that  during  the 
previous  winter  in  25  States  and  greater  in  10  States. 
In  8  States  in  the  snow  area  the  average  snowfall  was 
less  than  20  inches  during  1936-37,  and  in  10  States 
it  exceeded  60  inches. 

Average  snowfall  figures,  however,  cannot  be  ac- 
cepted as  a  true  index  of  the  extent  of  the  snow  removal 
problem.  Snowfall  in  mountainous  regions  may  greatly 
exceed  the  average  reported  for  the  State.  In  one 
State  the  snowfall  was  reported  as  469  inches  on  a 
mountain  pass  kept  open  during  the  winter  season. 
High  winds  may  blow  snow  over  cleared  roads,  making 
additional  removal  work  necessary.  A  small  amount 
of  precipitation,  in  the  form  of  sleet,  may  necessitate 
considerable  ice-treatment  work. 

Although  the  primary  purpose  of  snow  removal  is  to 
enable  traffic  to  move  with  facility  and  safety,  prompt 

9 


10 


PUBLIC  ROADS 


Vol.  19,  No.  1 


Table   I.     Snow-removal  and  ice-treatment  data  for  the  winter  of  19S6-37 


( 'omparative 

a\  erage  sea- 

Snow-removal  equipment 

■2 

ii   snow  - 

Snou 

fall  from 
i  ei Is  in 

Mile- 

Total 

.  late 

removal 

and  ice 

i  iiv i  rnenl 

different  sec- 
tions of 
State 

Plows  for 
trucks 

Plows  for 

tractors 

Mile- 
age of 
snow 

age  of 
roads 
cleared 

cost  of 

snow 

removal 

Remark;! 

supervised 
by 

Trucks 

Trac- 
tors 

Grad- 
ers 

fence 

of 
snow 

and  ice 
treatment 

1935- 

1936- 

Dis- 

Dis- 

36 

37 

place- 

Rotor 

place- 

Rotor 

sea- 

sea 

ment 

i  y  i  >e 

ment 

type 

son 

son 

type 

t\  \>r 

North  Mlanlic States 

Inches 

Inches 

Number 

Number 

Number 

Nn  m  her 

Number 

A'  ii  in  hi  r 

Number 

Miles 

Miles 

Dollar  i 

Slate 
.  do 

la   S 

Oil  3 

21    1 
63.0 

343 

286 

343 

287 

la 

29 
IS4 

2.  700 
2.  133 

302. 900 
372,  SSO 

Maine 

l 

44 

1 

Massachusetts 

do 

t5.  7 

22.0 

819 

23 

851 

23 

54 

1.762 

ass,  561 

New  [lamp  hire 

do 

ill   X 

71    2 

231 

1 

3 

212 

3 

IIS 

2,  556 

561,091 

Chlorides,  $36,656,  plowing, 
$144,346;  sanding  $347,264; 
and  snow  fence,  $32,828. 

New  Jn  rj 

do 

32  II 

12  2 

450 

ii 

3 

1 

456 

7 

102 

91 

1.572 

22(1,  398 

2  snow  loaders  also  used. 

New  York  -. 

Slate  and 
i mini  a" 

(it). 5 

59.  5 

1,  IS!) 

19 

2111 

17 

1,552 

22  1 

79 

1,  167 

12,077 

1,642,391 

$808,488  expended  by  counties 
for  snow  removal;  $833,905 
expended  by  State  for  sand- 
ing; 56  of  57  counties  on  Stale 
highway  system  reported. 

IviinsN  h  auia 

Slate 

,i,    1 

29  (1 

1,232 

18 

83 

24 

1,2511 

107 

239 

1.906 

16,  729 

2,  707,  555 

Rhode  Island 

do 

24.7 

10  2 

111) 

It) 

110 

10 

15 

762 

58,  7: ill 

$12,8.82  for  snow  removal;  $45,- 
848  for  ice  sanding. 

\  ernionl 

.do 

68  9 

63,  3 

120 

5 

120 

a 

3 

112 

1,759 

327,  5S5 

South  Atlantic Slates 

l  >  <  ■  1 .  i  \ v  are 

..do 

:l   1 

8.9 

130 

3 

1 

110 

4 

5 

23 

2,500 

14,  369 

Mar>  land  

..do 

43.  2 

23  s 

249 

11 

1 

3 

437 

74 

15 

Kill 

3,  955 

99.  131 

\  irginia   -    ... 

do 

33.  4 

14   1 

508 

2 

74 

510 

71 

14 

8 

9,  225 

31,327 

Data  refer  to  primary  Slate 
system. 

\\  csl  \  irsinia. 

..  do 

66,  5 

•»-    i 

229 

II 

353 

Hi 

34 

37 

•1.  .Mia 

71,808 

Some  evergreen  trees  plan  led 
along  the  roadside  for  snow- 
drift control. 

North  Central  States: 

Illinois 

do 
do    . 

28  '.' 
25.  7 

14.0 
18   1 

827 
504 

-1 

1 

S27 
5011 

250 
11 

12,638 

s.  sis 

511,740 
156,253 

i  ndiana 

4 

Iowa.. . 

.   .  do 

50  9 

31.  1 

663 

13 

7 

3 

020 

10 

280 

1,481 

8,  902 

1,107,863 

Kansas.    

do 

in  s 

Hi  2 

167 

:i'.i 

167 

39 

lin 

ISO 

7,631 

125,316 

M  ichigan 

do 

62  7 

38.0 

385 

6 

x 

17 

115 

25 

711 

9,226 

869,  044 

Some  evergreen  Irees  were 
planted  along  the  roadside 
for  snowdrift  control. 

M  innesotn 

•  In 

57.  3 
15.  1 

69  n 
II  2 

132 

271 1 

2:) 

I 

HI 

364 

500 

1 

an 

1,  161 
244 

11,  195 
13,750 

1,603,323 

310,  367 

M  issoui  l 

do 

Nebraska 

do 

35,  7 

26  IS 

1 35 

l 

16 

139 

5(1 

337 

737 

8,  160 

184,087 

Norl  h  1  lakota 

do 

39  II 

II   n 

36  :; 

21.  1 

25 
669 

6 

1 
111 

25 
1175 

1 

10 

25 
35 

575 
106 

5,  000 
14,000 

212,  SIS 
575.000 

Ohio 

do 

South  1  lakota 

...  do  . 

13  9 

II,    s 

17 

35 

1 

47 

39 

11(1 

281 

5.  687 

610.  (Kill 

w  isconsin   

..      do 

61.0 

13  s 

923 

8 

228 

967 

27(1 

lllli 

1.  169 

10,023 

1.  1  is,  (95 

About  8  miles  of  hedge  planted 
for  snowdrift  control;  21 
powTer  shovels  also  used. 

\\ estcrn  State 

\i  izona 

do 

6  6 

2(1    1 

21 

2 

1 

5 

31 

11 

30 

0 

l. in  in 

44,  618 

<  'alifornia 

do 

(  ) 

c> 

130 

17 

21 

1 

138 

25 

50 

17 

5,26:', 

604,768 

Ice-sanding  operations  covered 
approximately  1,500  miles  of 
the  State  highway  system. 

Colorado 

do 

08  2 

72  1 

22 1 

i 

305 

132 

209 

68 

3  593 

152,  863 
355,  126 

5  power  shovels  also  used. 
2  power  shovels  also  used. 

Idaho 

82.  1 

7.-.  3 

1(17 

7 

3 

109 

in 

30 

196 

3,  557 

Montana 

do 

53,  2 

5i  :, 

144 

11 

4 

155 

4 

10 

271 

4.  623 

157,000 

\( \  aria 

do 

12  ',i 

52  7 

74 

S 

1 

4 

82 

5 

19 

2.  575 

127,  900 

2  power  shovels  also  used. 

New  Mexico  . 

do 

26.  1 

28  ii 

2 

Ii 

1 

17 

46 

3 

1.045 

29,  098 

Oregon    .   _ 

do 

43,  3 

111.  2 

223 

9 

9 

232 

2 

15 

40 

6,  345 

3(17,632 

1  power  shovel  also  used. 

i  tan 

do 

64  o 

76  7 

156 

52 

52 

34 

135 

4  573 

409,318 
371,380 

Do. 

Washington, . 

do 

54    7 

ii',1  '.I 

259 

16 

3 

275 

3 

20 

41 

3    171 

3  power  shovels  also  used. 

\\  yoming 

do 

7s    1 

67 .  3 

135 

2 

12 

157 

26 

97 

131 

3,543 

123,856 

6  power  shovels  also  used. 

Total 

1  2,  7s  1 

209 

1,02!) 

107 

13,634 

1,316 

2.  5(15 

12,040 

217,243 

17,  099,  626 

1  Snowfall  (in  u  res  compiled  from  U.S.  Weather  Bureau  records, 
I  he  number  of  displacement  plows,  rotary  plows,  etc  .  listed  includes  equipment  reported  as  under  the  control  of  various  Stales  and  counties,  but  does  not  include 
equipment  owned  h\  numerous  other  counties  for  which  no  data  have  been  submitted  or  l>\  townships,  municipalities,  transportation  companies,  and  diverse  business 
agencies. 

Nol  available. 


removal  also  helps  to   preserve  the  road  surface  and 
shoulders. 

The  snow  should  be  pushed  back  from  the  shoulders 
to  facilitate  the  flow  of  water  from  melting  snow  into 
drainage  channels.  Failure  to  remove  snow  from  the 
shoulders,  and  allowing  a  thin  cover  of  snow  or  ice  to 
remain  on  the  surface,  results  in  erosion  on  low-  and 
intermediate-type  surfaces  and  loss  of  supporting  value. 
The  water  from  thawing  snow  and  ice  frequently  runs 
along  the  edge  of  the  pavement,  softening  the  shoulders 
and  allow  in»-  seepage  under  the  pavement  and  into  the 
subgrade.  This  excess  water  may  serve  to  build  up  ice 
,i\  ers  with  resulting  frost  heave,  and  often  cannot  drain 
away  through  the  ground  because  of  an  impervious  layer 
of  frozen  soil  below.  The  weakened  rend  may  quickly 
fail  under  traffic,  especially  at  the  edges  of  flex'ibile-type 


surfaces.  II  is  now  generally  recognized  that  it  is  less 
expensive  maintenance  for  snow-removal  crews  to 
preserve  the  road  by  draining  the  traveled  way  during 
each  thaw  than  to  repair  winter-damaged  surfaces  and 
shoulders. 

HIGHWAYS  ARE  DESIGNED  TO  PREVENT  SNOW  BLOCKADES 

The  problem  of  keeping  the  highways  cleared  of  snow 
can  be  partly  solved  by  using  all  practical  means  of 
preventing  the  snow  from  collecting  on  the  roadway. 
Such  preventive  steps  may  include  the  erection  of 
snow  sheds,  the  planting  of  trees,  erection  of  snow 
fences  to  control  snowdrifts,  and  the  design  of  the 
highway  itself. 

Highways  in  the  northern  and  western  States  are 
located  and  designed   with  a  view  to  minimizing  the 
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snow  removal  problem.  The  practice  of  locating  the 
highway  to  take  advantage  of  the  prevailing  wind 
is  recognized.  Road  grades  are  raised  above  the  adja- 
cent ground  level  to  provide  wind-swept  surfaces; 
slopes  are  flattened  to  reduce  obstruction  to  wind- 
sweeping  action;  and  ditches  arc  widened  to  afford 
better  drainage  and  greater  snow-storage  capacity. 
When  funds  permit,  maintenance  crews  sometimes 
flatten  and  round  through  or  side-hill  cuts  to  create 
sections  that  induce  air  flow. 


Improper  Drainage  During  the  Winter  May  Cause  Damage 
to  the  Road  and  Create  a  Serious  Hazard  to  Traffic. 

Snow  fences  are  used  in  areas  where  the  topography 
is  conducive  to  the  formation  of  snowdrifts  on  highways. 
The  purpose  of  these  barriers  is  to  cause  the  deposit  of 
snow  before  reaching  the  road  by  retarding  the  velocity 
of  snow-carrying  winds.  Location  and  placement  of 
the  fence,  both  temporary  and  permanent,  are  largely 
governed  by  the  maintenance  superintendents,  who 
know  where  drifting  has  occurred  in  previous  years. 
The  portable  picket-type  of  snow  fence  is  most  generally 
used  (11,830  miles  in  1936-37).  This  type  of  fence 
consists  of  wooden  slats  4  feet  high,  V/2  inches  wide,  and 
%  inch  thick,  woven  together  with  galvanized  wire  and 
spaced  2  inches  apart.  The  fence  is  secured  to  angle- 
bar  posts  oil  the  windward  side  of  the  road  a  sufficient 
distance  beyond  the  outside  edge  of  the  ditch  to  prevent 
the  toe  of  the  drift  from  covering  the  drainage  channel. 
This  type  of  fence  is  generally  erected  in  the  fall  and 
removed  in  the  spring.  Trees  and  shrubs  are  some- 
times planted  as  snow  barriers  where  sufficient  right-of- 


Snow  Sheds  Are  the  Most  Practical   Means  of  Keeping 
Roads   Open   in    Certain   Areas    Where   Slides   Occur. 

way  is  available.  Brush  and  other  obstacles  that  might 
cause  snow  to  drift  across  the  roadway  are  removed 
to  allow  free  wind  action. 

Several  different  types  of  snowplows  are  used  to 
remove  snow  from  the  highway.  For  light  work 
graders  and  light  blade-type  displacement  plows  are 
adequate.  V-type  and  side-wing  displacement  plows 
are  suitable  for  moderately  heavy  work.  For  ex- 
tremely heavy  work  rotor-type  plows  arc  generally 
used.  As  shown  by  table  J,  the  displacement-type 
plow  pushed  by  trucks  was  the  most  widely  used  type 
during  the  1 936-37  season. 

Light  V-shaped  and  blade  displacement  plows  are 
often  used  to  open  the  traveled  way  for  traffic,  followed 
by  rotary  units  which  blow  the  snow  clear  of  the  road- 
way. Rotary  plows  and  heavy  tractor-propelled 
V-plows  are  used  extensively  in  deep  drifts  on  mountain 
passes.  Use  is  also  made  of  side-wing  plows  and  slice 
bars  for  cutting  down  snow  banks  in  deep  drifts. 


Motor  Graders  Are  Often  Used  for  Light  Snow-Removal 

Work. 

The  clearing  of  mountain  passes  has  been  undertaken 
quite  extensively  by  the  various  western  States.  The 
work  usually  requires  the  most  powerful  type  of  equip- 
ment to  cope  with  the  heavy  snowfall,  steep  grades, 
high  altitudes,  and  wind  and  slides.  The  auger  blower 
rotary  plow  and  the  V-plows  with  rotary  attachments 
for  relieving  the  snow  pressure  on  the  face  of  the  V 
are  frequently  used  for  this  work.  The  rotors  are 
generally  driven  by  auxiliary  power  units  carried  on 
the  rear  end  of  the  truck  or  l>.v   the  tractor  power  unit 
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dlsplacement-tyre   plows   pushed   by   trucks  are    most 
Widely  Used  for  Snow  Removal. 

which  pushes  the  plow,  depending  on  the  type  of 
motive  force  used.  The  rotors  discharge  the  snow  up- 
ward by  centrifugal  force.  Deflecting  chutes  direct 
the  discharge  to  either  side,  taking  advantage  of  the 
direction  of  the  wind.  The  snow  is  cast  clear  over  the 
side  banks,  the  distance  it  is  thrown  depending  on  the 
speed  of  the  rotors  and  the  force  of  the  wind.  In  a  few 
places  where  snow  slides  occur  frequently  snow  sheds 
are  the  only  practical  means  of  keeping  the  roads  open. 

Efforts  are  made  to  prevent  damage  to  guardrail 
and  sign  posts  by  snow  equipment,  by  marking  guard- 
rails with  high  markers  visible  when  the  snow  is  deep, 
and  by  careful  operation  of  equipment. 

In  35  of  the  States  reporting,  the  State  highway 
departments  controlled  snow-removal  work  on  State 
highways.  In  New  York  the  counties  performed  snow- 
removal  work,  and  the  State  did  ice-treatment  work 
on  State  highways.  The  States  generally  store  snow- 
removal  equipment  at  maintenance  depots  located  at 
strategic  points  on  the  highway  systems. 


V-Tyte  Snow  Plow  Suitable  for  Moderately  Heavy  Work 

In  the  State  of  Washington,  snow  removal  activities, 
especially  in  mountain  passes,  are  controlled  through 
the  use  of  radio.  By  means  of  two-way,  short-wave 
radio  sets  installed  in  snow-removal  equipment,  the 
central  office  dispatches  units  to  snow  blockades  and 
directs  the  work  by  maintaining  constant  communica- 
tion with  the  equipment.  Supervisors'  cars  are  also 
equipped  with  short-wave  receiving  sets,  thus  enabling 
the  supervisors  to  be  called  to  long  distance  telephone 
in  cases  of  necessity  for  two-way  communication. 
Shop  clerks  and  operators  of  snow-removal  equipment 


are  encouraged  to  become  licensed  radio  operators. 
These  men  carry  on  their  regular  duties  while  operating 
the  radio  equipment,  and  there  is  practically  no  expense 
for  special  operators  to  maintain  the  communication 
system. 

SAND  OR  CINDERS  ARE   SPREAD   OVER   ICE-COVERED   HIGHWAYS 

Highways  frequently  become  covered  with  ice  during 
the  winter  months,  rendering  them  impassable  or 
extremely  dangerous  to  traffic  even  at  slow  speeds. 
This  can  be  remedied  by  spreading  sand  or  cinders  over 
the  ice,  thus  restoring  traction. 

Ice  may  form  as  a  result  of  a  sleet  storm,  because  of 
faulty  snow  removal,  or  because  of  faulty  drainage. 
Until  recently  it  was  the  practice  to  allow  a  covering 
of  snow,  ranging  from  a  fraction  of  an  inch  to  a  few 
inches  in   thickness,   to  remain  on   the  road  surface. 


■j- 


Icy  Pavements  Are  Made  Safer  for  Traffic  by  Spreading 
Sand  or  Cinders  at  Dangerous  Places. 

Compaction  by  traffic  and  alternate  thawing  and 
freezing  soon  transformed  this  snow  into  ice.  With 
the  increase  of  winter  traffic  and  hazards  from  slippery 
roads  there  has  been  a  change  in  practice  on  principal 
highways  in  many  States;  snow  removal  crews  now 
scrape  off  the  snow  and  slush  as  close  as  possible  to  the 
surface.  Use  is  made  of  motor  graders  and  light  trucks 
with  underbody  blades  mounted  on  springs  for  this 
work.  This  equipment  is  also  used  for  surface  and 
shoulder  blading  during  other  seasons  of  the  year. 

The  formation  of  ice  on  pavements  caused  by  water 
from  thawing  snowbanks  is  being  eliminated  through 
better  snow-removal  methods,  by  opening  ditches  and 
drains  during  thaws,  and  by  a  general  study  of  the  loca- 
tions where  ice  forms  so  that  the  drainage  facilities 
can  be  improved. 

The  hazards  created  by  sleet  storms  or  by  rain  pre- 
cipitated at  near-freezing  temperature  cannot  be 
avoided.  Temperature  variations  during  the  day,  from 
temperatures  permitting  light  rains  and  mists  to  freez- 
ing temperatures,  permit  a  thin  coat  of  ice  to  form  within 
a  very  short  time.  The  most  effective  remedies  are: 
Provision  of  better  traction  by  applying  abrasives  to  the 
highway  surface  as  soon  as  possible;  protection  with 
guard  rail;  the  erection  of  suitable  caution  signs  at 
approaches  to  critical  sections ;  the  elimination  of  exces- 
sive crown  on  pavements;  and  warning  the  traveling 
public  by  radio  and  other  means  as  to  the  slippery  con- 
dition of  roads.  Drivers  should  be  informed  of  the 
things  they  can  do  to  minimize  the  danger  of  skidding 
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on  icy  pavements,  such  as  carrying  moderate  air  pres- 
sures in  tires,  using  tires  having  deep  treads,  and  driving 
at  slow  speeds  so  that  brakes  need  be  applied  but  seldom 
and  then  very  slowly  and  cautiously. 

The  most  commonly  used  abrasive  is  sand  with  an 
admixture  of  calcium  chloride  or  sodium  chloride  on 
pavements  other  than  portland-cement  concrete.  Cin- 
ders are  preferred  by  some  States,  but  are  usually  not 
available  in  sufficient  quantities.  The  chemicals  are 
used  to  assist  in  partially  embedding  the  abrasives  by 
temporarily  lowering  the  freezing  point. 

The  sand  and  chloride  are  generally  mixed  and  stock 
piled  at  convenient  points  or  sheltered  in  bins  to  pre- 
vent the  weather  from  dissipating  the  salt  and  to  keep 
the  materials  from  becoming  caked .  Wherever  possible 
the  bins  are  placed  in  positions  that  will  expedite  handl- 
ing of  materials  by  gravity  loading.  Spreading  is  per- 
formed from  trucks  either  by  hand  shoveling  or  me- 
chanical spreaders,  and  directly  from  stock  piles  on  short 
and  isolated  sections.  Because  of  the  cost,  treatments 
are  largely  limited  to  steep  grades,  curves,  grade  cross- 
ings, intersections,  and  other  dangerous  places  where 
accidents  are  most  likely  to  occur. 

The  State  of  Oregon  has  developed  a  sand  spreader 
for  ice  treatment.  It  is  a  trailer,  power  for  spreading 
being  supplied  by  traction  of  the  trailer  wheels  through 
the  trailer  axle  to  a  drive  chain  and  gears  which  revolve 
two  disks.  The  amount  of  materials  spread  and  the 
width  covered  are  regulated  by  manual  adjustment  of 
the  disks.  The  trailer  is  attached  to  the  rear  axle,  by 
which  it  is  pulled,  and  also  to  the  tail  gate  on  the  dump 
body  of  an  end-dump  truck.  The  trailer  wheels  do  not 
come  in  contact  with  the  pavement  until  the  dump 
body  is  half  raised.  The  abrasives  fall  through  a  chute 
in  the  tail  gate  into  the  feed  hopper  and  onto  the 
spreader  disks.  Recommended  speed  of  operation  is 
from  5  to  8  miles  per  hour,  depending  on  the  size  of 
materials  used.  An  automatic  clutch  arrangement 
near  the  wheel  bearings  permits  backing  of  the  trailer 
without  operation  of  the  drive  mechanism.  The  ma- 
chine was  used   experimentally  during  the  winter  of 


Sand  Spreader  Developed  and  Used  by  the  Oregon  State 
Highway  Department. 

19)30-37,  and  reports  indicate  that  about  50  machines 
of  this  type  were  constructed  for  use  during  the  follow- 
ing winter. 

It  has  been  reported  that  the  oil  film  deposited  on 
concrete  pavement  by  passing  vehicles  seems  to  act  as 
a  protective  coating  against  possible  detrimental  action 
of  concentrated  solutions  of  chlorides  used  in  ice 
treatment.  Several  States  are  experimenting  with 
linseed  oil  as  a  protective  coating.  In  Wisconsin 
pavement  is  painted  with  two  coats  of  the  oil  prior  to 
the  application  of  calcium  or  sodium  chloride.  Suf- 
ficient time  has  not  elapsed  to  permit  any  definite 
conclusions,  but  it  is  reported  that  the  State  proposes 
to  continue  the  experiments  on  a  larger  scale  during  the 
whiter  of  1937-38. 


AUTOMOBILE  PURCHASES  BY  FARM  FAMILIES 


Summary  tabulations  of  a  survey  of  17,000  farm 
families  in  64  counties  in  the  United  States  show  that, 
824  of  each  1,000  families  owned  cars.  The  statistics, 
summarized  in  table  1 ,  show  that  farm  families  buy 
nearly  twice  as  man}7  used  cars  as  new  cars.  Usually 
these  are  relatively  high-value  used  cars,  although  their 
cost  averages  only  a  little  over  one-third  the  cost  of 
the  new  cars  purchased — $263  for  the  average  used  car, 
$739  for  the  average  new  car. 

The  counties,  surveyed  in  1935-36,  were  represent- 
ative of  farm  regions  in  all  parts  of  the  country.  The 
data  were  collected  in  the  Study  of  Consumer  Purchases 
conducted  by  the  Bureau  of  Home  Economics  of  the 
United  States  Department  of  Agriculture  as  a  Works 
Progress  Administration  project  in  cooperation  with 
the  Bureau  of  Labor  Statistics  of  the  United  States 
Department  of  Labor,  the  National  Resources  Com- 
mittee, and  the  Central  Statistical  Board. 

Because  a  composite  picture  of  the  usual  American 
family  was  the  object  of  this  family-living  study,  only 
families  having  both  husband  and  wife  were  included. 

Car  ownership  of  all  nonrelief,  native  white  farm 
families  interviewed  ranged  as  high  as  97  percent  in 
California  and  in  North  Dakota  and  Kansas,  where  dis- 


tances between  cities  are  great.  In  Vermont  the  per- 
centage was  73,  still  almost  three-fourths.  Among  the 
white  operators  of  the  Southeastern  States,  more  than 
60  percent  reported  owning  cars.  For  Negro  share- 
croppers, this  percentage  ran  as  low  as  15.  Car 
ownership  the  country  over  averaged  a  little  over  82 
percent. 

Only  in  California  did  the  white  farm  families  studied 
purchase  more  new  than  used  cars.  In  most  of  the 
other  areas  studied,  twice  as  many  used  as  new  cars 
were  bought.  Farm  families  the  country  over  paid  an 
average  of  $263  for  used  cars,  $739  for  new  cars.  The 
purchase  price  of  used  cars  ranged  from  $80  in  Georgia 
and  Mississippi  to  $330  in  New  Jersey;  the  price  of 
new  cars  ranged  from  an  average  of  $637  in  North 
Carolina  to  $932  in  California.  Freight  charges,  of 
course,  make  a  difference  of  $100  or  more  in  car  prices 
depending  on  the  distance  from  the  center  of  production. 
The  price  of  used  cars  generally  averaged  well  above 
$200.  A  few  used  cars  costing  $50  or  less  were  bought, 
usually  by  low-income  families. 

For  other  areas  the  percentages  of  car  ownership 
among  the  families  interviewed  were:  Michigan  and 
Wisconsin,  94  percent;  Illinois  and  Iowa,  94  percent; 
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Table  I.     Number  of  nonrelief  farm  families  '  owning  cars  and  number  buying  new  and  used  cars,  per  1 ,000  families;  and  average  price 

of  cars  purchased,  1935-36 


Localil  > 


New  England  States: 

Vermont 

i  lentral  stairs 

New  Jersey 

Pennsylvania  and  Ohio.. 

Michigan  and  Wisconsin 

Illinois  and  Iowa . 

Mountain  and  Plains  States: 
Kansas  and  North  Dakota... 
Colorado,  Montana,  and  Smith  Dakota- 
Pacific  < 'oast  States: 

Centra]  and  southern  California.  

Oregon  and  Washington ... 

Oregon 

Southeastern  States:  J 

North  and  South  Carolina 

Do 

North  Carolina  . . 
North  and  South  Carolina- 
Do 

CJeorgia  and  M  ississippi 

Do 

Do 

Do 


All  regions 


Farm  si  alt  s 


Operators 


.do. 
.do. 
.do. 
.do. 


.do. 
.do. 


....do 

....do 

Part-time  operators. 


Operators 

Sharecroppers 

Self-sufficing  farm  operators. 

Operators 

Sharecroppers  .   

operators-  

Sharecroppers.. 

Operators...  

Sharecroppers 


Pace 


White. 


.Uo. 
.Uo. 
_do. 
.do. 


.do. 

.do. 

.do. 
.do. 
.do. 


do. 

lo. 

..-do- 
Negro.. 

do. 

White. 

do. 

Negro.. 

do 


Number  of 

families  in 

each  1.000 

owning 

any  car 


734 

.sst 
859 
939 
938 

965 
SCI 

1)71 
912 
919 

707 
448 
204 
425 
355 
622 
195 
246 
146 


824 


Number  of  families  in  each 
1,000  buying  during  the  year 


Any  car3    New  ear    Used  car 


139 

181 
197 
226 

182 

215 

203 

1S1 
232 

266 
175 
53 
139 

148 
17S 
52 
51 
59 

192 


64 

55 
56 
75 

55 
107 

107 
63 
52 


99 

70 
12S 
142 
153 

127 
HO 

90 
118 
180 

149 
148 
43 
118 

142 
106 
50 
51 
59 


122 


A  «erage  gross 
price  2 


New  car     Used  car 


761 
737 
696 
736 

717 
807 

932 
869 
835 

703 
669 
637 
638 

750 
7  16 
776 

II 
0 


$186 

330 
271 
210 
263 

247 
303 

304 

27.S 
.308 

311 
212 
223 

197 
173 
240 
80 

1st 
85 


I  Families  that  include  husband  and  wife,  both  native-horn. 

■  This  average  is  based  on  the  number  of  cars  purchased  during  the  year,  for  which  the  gross  purchase  price  was  reported. 

3  The  figure  in  this  Column  is  the  sum  of  the  number  of  families  buying  new  and  those  buying  used  cars,  unless  the  same  families  purchased  both  I  ypes  of  cars. 
<  Because  of  the  economic  and  social  significance  of  the  system  of  farm  tenancy  in  the  Southeast,  these  data  have  been  tabulated  separately  for  each  type  of  tenure;  hence 
no  justifiable  comparisons  can  be  made  between  any  one  group  in  this  region  and  white  operators  in  other  regions.     Negro  farm  families  were  studied  only  in  the  Southeast. 


Oregon  and  Washington,  91  percent.  A  special  study 
of  part-time  fanners  in  counties  adjacent  to  Portland, 
Oreg.,  showed  that  92  percent  were  car  owners.  For 
New  Jersey  this  percentage  was  88;  for  Colorado, 
Montana,  and  South  Dakota,  86;  for  Pennsylvania 
and  Ohio,  80. 

In  the  southeastern  States,  where,  the  farm  tenancy 
system  was  a  factor,  and  where  Negro  families  consti- 
tuted a  considerable  proportion  of  the  farm  population 
studied,  the  percentages  of  car  ownership  for  the 
families  interviewed  in  North  and  South  Carolina 
were:  White  operators,  71  percent;  white  sharecrop- 
pers, 45  percent;  Negro  operators,  42  percent;  Negro 
sharecroppers,  36  percent.  In  Georgia  and  Mississippi 
the  percentages  were:  White  operators,  62  percent; 
white  sharecroppers,  20  percent;  Negro  operators,  25 
percent;  and  Negro  sharecroppers,  15  percent. 

A  special  study  of  the  so-called  self-sufficing  farm 
area  of  North  Carolina,  where  farmers  raise  more  for 
home  consumption  than  they  do  for  market,  showed 
20  percent  car  ownership. 

Car  purchases  during  the  year  were  reported  by  14 
percent  of  the  Vermont  families  interviewed,  4  percent 
buying  new  cars  and  10  percent  buying  used  cars. 
Fourteen  percent  of  the  New  Jersey  families  also  were 
car  buyers,  0  percent  buying  new  ears  and  8  percent 
buying  used  cars.  Eighteen  percent  of  the  Pennsyl- 
vania and  Ohio  families  purchased  5  percent  new  cars, 


13  percent  used  cars.  In  Michigan  and  Wisconsin,  20 
percent  bought  cars,  0  percent  new  cars  and  14  percent 
used  cars.  In  Illinois  and  Iowa,  23  percent  bought 
cars,  8  percent  new  ears  and  15  percent  used  cars.  In 
Kansas  and  North  Dakota,  18  percent  bought  cars, 
5  percent  new  cars  and  13  percent  used  cars.  In  Colo- 
rado, Montana,  and  South  Dakota  22  percent  boughl 
ejus,  11  percent  new  cars  and  11  percent  used  cars. 
In  California,  20  percent  bought  cars,  11  percent  new 
cars  and  9  percent  used  cars.  In  Oregon  and  Wash- 
ington, 18  percent  bought  cars,  6  percent  new  cars  and 
12  percent  used  cars. 

In  the  southeastern  States,  the  new  ears  were  almost 
all  purchased  by  the  white  farm  operators.  In  the 
four  States  studied  in  this  region  (North  and  South 
Carolina,  Georgia,  and  Mississippi),  less  than  3  percent 
of  the  wdiite  sharecroppers,  Negro  operators,  and  Negro 
sharecroppers  reported  buying  new  cars.  In  Georgia 
and  Mississippi,  none  of  the  Negro  families  reported 
any  new-car  purchases.  Twenty-seven  percent  of  the 
North  and  South  Carolina  white  operators  interviewed 
bought  cars  during  the  period  studied,  12  percent 
bought  new  cars  and  15  percent  bought  used  cars.  In 
Georgia  and  Mississippi  18  percent  of  the  white  operators5 
families  purchased  cars,  7  percent  buying  new7  cars  and 
1 1  percent  buying  used  cars.  Of  all  families  interviewed 
the  country  over,  7  percent  reported  buying  new  cars  and 
a  little  over  12  percent  reported  buying  used  cars. 
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FILM  STRIPS  ON  HIGHWAY  SUBJECTS  AVAILABLE 


Film  strips  relating  to  several  different  highway  sub- 
jects have  recently  been  made  available  by  the  Bureau 
of  Public  Roads  of  the  United  States  Department  of 
Agriculture.  Lecture  notes  containing  appropriate 
comments  about  each  frame  have  also  been  prepared. 
Some  of  these  notes  are  in  the  form  of  question-am  I - 
answer  discussions  by  two  readers. 

"The  Country  Roadside  Restored"  is  the  title  of  one 
film  strip  of  55  frames.  This  series  of  pictures  begins 
by  showing  the  attractive  roadsides  in  the  old  days  of 
horse-drawn  traffic.  It  continues  by  showing  roadsides 
where  beauty  has  been  marred  by  construction  scars, 
stumps,  and  unsightly  debris.  Later  pictures  show 
roadsides  whose  beauty  has  been  retained  by  carefully 
planned  construction  operations  or  restored  by  the 
planting  of  trees,  shrubs,  and  other  plants,  by  the  round- 
ing and  trimming  of  side  slopes,  and  by  the  removal  of 
unsightly  stumps  and  debris. 

Another  series  is  entitled  "The  Cost  of  Poor  Roads." 
The  economy  of  good  loads  is  forcefully  illustrated  in 
53  frames,  which  showr  that  lower  car  operation  costs, 
superior  highway  service,  greater  community  social 
values,  and  increased  safety,  all  accrue  when  poor  roads 
are  improved. 

Methods  of  stabilizing  soil-road  surfaces  are  shown  in 
a  strip  of  55  frames  entitled  "Stabilized  Soil  Roads." 
Materials  used  in  stabilizing  road  surfaces  and  the 
methods  of  preparing,  mixing,  and  placing  them,  are 
illustrated  in  detail. 

"Subsurface  Exploration  Using  Electricity  and  Sound 
Waves"  is  the  title  of  another  series  of  37  frames.  It  is 
important  for  highway  engineers  to  have  means  of  de- 
termining accurately  the  location  and  type  of  materials 
below  the  earth's  surface  without  actually  boring  into 
the  earth.  Layers  of  rook,  shale,  clay,  and  earth  offer 
different  amounts  of  resistance  to  the  passage  of  electric 
current  and  they  also  transmit  sound  waves  at  different 


speeds.  The  film  shows  clearly  how,  by  making  use  of 
these  phenomena,  engineers  can  measure  the  depth 
below  the  ground  surface  to  rock. 

Investigations  of  highway  materials,  design,  and 
methods  of  construction,  are  pictured  in  the  tilt-frame 
strip  entitled  "Highway  Research  Highlights."  Roads 
must  be  designed  to  withstand  the  wear  and  tear  caused 
by  modern  high-speed  traffic  and  deterioration  resulting 
from  constant  exposure  to  freezing,  thawing,  rain,  snow  . 
etc.  Great  progress  has  been  made  toward  making 
highways  stronger  and  more  durable,  and  at  the  same 
time  keeping  costs  as  low  as  possible. 

"Open  Winter  Roads,"  a  67-frame  film  strip,  is 
devoted  to  the  subject  of  snow  removal  on  highways. 
In  the  days  of  horse-drawn  traffic,  winter  snows  offered 
no  serious  hindrance  to  travel.  Sleighs  and  sleds  were 
gotten  out,  and  traffic  moved  on  runners  instead  of 
wheels.  Motor  vehicles,  however,  cannot  be  operated 
safely  or  easily  on  snow  or  ice-covered  roads.  The 
pictures  show  the  huge  snow  plows,  pushed  by  trucks 
or  tractors,  that  are  now  used  (o  remove  snow  from  the 
highways.  Sand  or  cinders  are  spread  over  curves, 
grades,  intersections,  and  other  dangerous  places  when 
they  become  coated  with  ice. 

These  pictures  are  on  :•>.">  millimeter,  noninllainmable 
film,  suitable  for  projection  in  film-strip  projectors. 
Suitable  projectors  may  be  rented  in  the  large  cities 
from  one  of  the  large  telegraph  companies.  Projectors 
are  available  in  most  schools,  and  can  often  he  rented 
from  automobile  dealers  who  use  them  in  training  their 
salesmen. 

The  film  strips,  together  with  lecture  notes,  may  be 
borrowed  from  the  Bureau  of  Public  Roads,  United 
States  Department  of  Agriculture,  Washington,  1).  C. 
There  is  no  charge  other  than  the  postage  in  returning 
the  film  (approximately  10  cents). 
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RURAL  AND   URBAN   CONTRIBUTIONS   TO 
HIGHWAY  TRAVEL  AND  EXPENDITURES 

BY  THE  DIVISION  OF  CONTROL,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  ROBERT  H.  PADDOCK    Associate  Highway  Engineer-Economist 


THE  steadily  mounting  emphasis  on  the  function  of 
highway  transportation  in  the  national  life  lias 
directed  increased  attention  to  and  investigation  of  the 
sources  of  funds  with  which  the  existing  highway  sys- 
tems have  been  constructed,  of  the  use  and  benefits 
derived  from  the  highway  systems,  and  of  the  probable 
amount  and  source  of  future  funds  necessary  for  the 
maintenance  and  improvement  of  the  present  system. 

Since  1930,  financial  surveys,  with  particular  refer- 
ence to  these  phases  of  the  highway  problem,  have  been 
made  in  several  States  by  the  Bureau  of  Public  Roads 
in  cooperation  with  the  State  highway  departments 
and  the  University  of  Wisconsin.  In  four  of  these 
States  (Wisconsin,  Minnesota,  New  York,  and  Colorado) 
special  inquiries  into  the  constituent  elements  of  road 
use  were  made  as  a  part  of  the  financial  analyses.  These 
investigations  enable  analyses  to  be  made  that  may 
point  toward  an  adequate  solution  of  the  problem  of  the 
present  and  future  financing  of  the  entire  highway 
system. 

These  studies  are  among  the  first  that  have  attempted 
to  obtain  an  evaluation  of  the  benefits  derived  from 
taxes  paid  for  the  construction  and  maintenance  of  all 
roads  and  streets  within  a  State.  One  of  the  first 
attempts  to  obtain  data  with  which  such  an  evaluation 
could  be  made  appears  to  have  been  a  study  conducted 
in  Wisconsin  about  1916,  under  the  direction  of  A.  R. 
Hirst,  State  highway  engineer,  who  reported  in  part  as 
follows: 

A  careful  inquiry  (through  written  question  sheets)  among 
automobile  owners  indicates  that  the  average  distance  traveled 
by  each  automobile  is  at  least  3,500  miles  per  year  on  roads 
outside  the  limits  of  incorporated  cities  and  villages.  If  we 
estimate  140,000  pleasure  cars  in  use  in  Wisconsin  next  year, 
which  seems  conservative,  and  each  travels  this  number  of  miles, 
the  motor  travel  on  Wisconsin  rural  highways  will  be  490,000,000 
miles.  This  does  not  take  into  consideration  the  travel  of  auto- 
mobiles from  other  States.     *     *     * 

It  should  be  remembered  that  the  total  mileage  traveled  is 
being  vastly  increased  each  year.  If  we  assume  only  225,000 
automobiles  and  trucks  used  for  rural  hauling  in  use  in  1926 
and  that  they  will  travel  only  3,500  miles  each,  the  total  rural 
travel  in  1926  will  be  787,500,000  miles  and  the  saving  in  that 
year  to  automobile  owners  alone,  if  a  system  of  good  roads  was 
completed  by  that  time,  would  be  $7,87~5,000.1 

While  this  early  study  indicates  cognizance  of  the 
problem,  it  also  indicates,  by  contrast  with  present 
conditions,  the  tremendous  increase  in  importance  that 
the  problem  has  assumed  in  the  succeeding  2  decades. 
Only  14  years  after  the  above  report  was  written  the 
total  vehicle-miles  of  travel  on  the  rural  highways  of 
Wisconsin  was  approximately  10  times  the  amount  esti- 
mated to  have  been  traveled  in  1916. 

Although  the  main  highways  of  nearly  all  States  have 
been  brought  to  a  much  higher  degree  of  improvement  in 
the  intervening  time  there  is  an  articulate  current 
demand  for  more  extensive  highway  development  than 
is  possible  with  the  revenues  now  available.  It  is  essen- 
tial, therefore,  to  consider  all  factors  that  influence  the 
need  of  highway  facilities  by  different  classes  of  high- 
way users.    These  factors  must  include  consideration  of 

1  Page  34,  Third  Biennial  Report,  Wisconsin  Highway  Commission,  1916. 
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the  ability  to  finance  the  desired  system,  and  the  equity 
of  any  taxation  system  established  for  that  purpo 
Investigations  of  the  amounts  of  traffic  carried  by  the 
several  highway  systems  and  the  sources  of  that  traffic 
are  prerequisites  to  the  determination  of  a  -(Mind 
financing  policy. 

HIGHWAY  TAXES  AND  HIGHWAY  USE  BY  URBAN  AND  RURAL 
RESIDENTS  DETERMINED 

The  complete  analyses  of  the  highway  financial 
problem  accompanied  by  the  road-use  investigations 
made  in  Wisconsin  in  1930,  in  Minnesota  in  1933,  and 
in  Colorado  and  New  York  in  1934,  form  the  basis  of 
this  comparative  study.2 

Data  for  the  road-use  survey  were  obtained  in  each 
State  by  a  large  number  of  personal  interviews  with 
representative  motor-vehicle  owners  throughout  the 
State,  the  sample  being  apportioned  according  to  the 
distribution  of  vehicles  in  the  respective  rural  and  urban 
areas. 

An  estimate  of  the  monetary  importance  of  highway 
traffic  within  a  State  may  be  gained  from  table  1.  which 
shows  the  estimated  total  vehicle-miles  traveled  annually 
in  each  of  the  States  included  in  this  analysis  and  an 
evaluation  of  the  operating  cost  of  this  travel  based  on 
the  conservative  figure  of  3  cents  per  mile. 

Table  1. — Estimated  total  travel  within  the  Stat denct   by 

motor-vehicle  owners,  and  estimated  transportation  cost  incurred 


Stale 


Colorado.. 
Minnesota 
New  York. 
Wisconsin. 


Year  i 


1934 

1933 
1934 
1930 


Travel  in  State 
by  resident  mo- 
tor-vehicle op- 
erators 


Estimated 
transporta- 
tion cost  at 
3  cents  per 
mile 


Vehicle-mUes 

1,967,800,000 

'.131,700,000 

!  19,472,700,000 

5,  997, 000, 000 


$59,034,000 
153,951,000 
584,181,000 
179,910,000 


i  All  vehicle  travel  data  for  the  4  States  given  in  this  analysis  will  be  lor  the  re- 
spective years  shown  in  this  table. 

2  Residents  of  New  Y'ork  City  accounted  fur  6,156,300.000  vehicle-miles  or  33.2 
percent  of  the  total. 

Annual  vehicle  operating  expenditures  of  such  magni- 
tude make  it  desirable  to  answer  the  following  ques- 
tions: 

1.  By  whom—  that  is,  by  residents  of  which  govern- 
mental units — are  these  amounts  spent? 

2.  For  travel  on  what  roads  are  these  outlays  made? 
(While  present  data  make  it  difficult  to  evaluate  exactly 
the  relative  earning  power  of  the  several  highway  sys- 
tems, the  proportional  share  of  the  travel  carried  by 
the  several  systems  can  be  determined). 

3.  What  expenditures  are  made  for  the  highway 
system  to  provide  for  this  travel? 

4.  Who  pays  for  the  construction  and  maintenance 
of  the  highway  system,  and  what  is  the  relation  of  such 

'  A  summary  of  the  Wisconsin  survey  was  published  in  Public  Roads,  vol.  14, 
do.  2,  April  1933;  the  complete  Minnesota  report  was  published  by  the  Minnesota 
Department  of  Highways  and  a  summary  appeared  in  Public  Roads,  vol.  17,  no.  1, 
March  1936.  The  complete  New  York  report  was  published  by  the  New  York  State 
Division  of  Highways  and  was  summarized  in  Public  Roads,  vol.  17,  no.  9,  Novem- 
ber 1936.    The  Colorado  report  has  not  yet  been  printed. 
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expenditures  to  the  use  these  individuals  or  residents 
of  rural  and  urban  areas  make  of  the  highways? 

5.  Who  should  bear  the  cost  of  present  and  future 
maintenance  and  extension  of  the  system'.' 

(i.   Who  is  best  able  to  bear  such  costs? 

Taxation  for  highway  purposes  has  assumed  a  differ- 
ent aspect  than  most  other  forms  of  taxation  because 
highway  users  are  taxed  in  direct  proportion  to  the 
extent  of  vehicle  use.  The  amounts  so  collected  have 
directly  affected  the  extent  of  the  traffic  facilities  pro- 
vided. An  investigation  into  the  use  of  the  facilities 
financed  by  these  taxes  seem-  warranted. 

Inquiries  to  determine  the  extent  of  use  of  the  various 
highways  indicate  that  in  each  of  the  four  States  studied 
almost  half  of  the  total  travel  is  performed  on  the  pri- 
mary highway  systems,  and  that,  except  in  New  York, 
more  than  one-fifth  of  the  total  travel  is  performed  on 
the  secondary  system  and  on  the  purely  local  rural 
loads — constructed  and  maintained  either  by  the 
township  or  county.  Tables  2  and  3  show  the  per- 
centages of  travel  performed  on  each  of  the  highway 
systems  of  these  States  on  the  basis  of  data  obtained 
in  road-use  investigations.3  In  table  2  the  amount  of 
travel  on  urban  streets  that  form  part  of  the  respective 
primary  and  secondary  highway  systems  has  been 
included  with  the  total  travel  on  those  systems,  while 
in  table  3  the  travel  so  performed  has  been  allocated 
to  the  respective  urban  streets.  In  the  latter  table, 
only  travel  on  the  rural  sections  of  the  systems  is 
included  in  the  primary-  and  secondary-road  travel. 

Table  2. — Percentage  of  total  travel  by  motor-vehicle  owners  on  the 
highway  systems  of  their  respective  States 


Percentage  of  travel  on 

State 

Primary 
high- 
ways ' 

Second- 
ary high- 
ways ' 

Local 
rural 
roads 

Urban 

streets 

Total 

Colorado 

Percent 
48.9 
44.4 
14.8 
52.7 

Percent 
13.4 
19.8 
5.  9 
13.6 

Percent 

8.9 
6.  1 
'.»  6 
7.9 

Pacini 

28  8 

29.7 

■  16.  7 

25.  8 

ino 

11)0 

New  York...  . 

ion 

100 

■  Data  for  r  he  primary  and  secondary  highways  include  travel  on  the  urban  exten- 
sions or  connecting  sections  of  the  rural  portions  of  the  respective  systems. 

1  59.4  pen  cut  of  the  total  local  travel  on  New  York  urban  streets  was  performed  on 
streets  in  New  York  City.  Thus,  _'7.s  percent  of  all  travel  on  urban  streets,  exclud- 
ing urban  extensions  of  rural  highway  systems,  was  performed  in  New  York  City. 

Table  3. — Percentage  of  total  travel  by  motor-vehicle  runirrs  on 
the  rural  ami  urban  roads  and  streets  of  their  respective  Stales 


Pel  eentage  of  tra\  el  on 

State 

Primary 
rural 
road 

Second- 
a  r  3  rural 

roads  ' 

Local 

rural 

load.. 

I  rban 

streets 

Total 

Percent 

42.  0 

34.  5 

30.  0 

3  52.7 

1',  ir,  nt 

12.3 

18.5 

4.1 

3  13.0 

r,  ret  ni 
s  9 
6.  1 

2.  6 
7.9 

Percent 

36  8 

40.  9 

*62  7 

25.8 

Percent 

too 

Minnesota . 

11)0 

New  York. . . 

101) 

Wisconsin... 

1  only  travel  on  rural  portions  of  the  primary  and  secondary  highway  svsleins  in- 
cluded. Travel  on  the  urban  streets  .serving  as  connecting  links  is  shown  under 
travel  on  urban  streets  except  in  Wiscon  m 

-'  49.4  percent  of  this  travel,  or  31  percent  of  all  urban  travel  was  on  New  York  City 
streets. 

3  Includes  travel  on  city  and  village  streets  which  served  as  connecting  links  for 
the  rural  systems. 

Extensive  systems  of  roads  and  streets  were  needed 
to  serve  the  volumes  of  traffic  shown  in  table  f.     The 

1  The  expenditures  and  travel  on  urban  streets  in  this  and  succeeding  tables  refer 
to  expenditures  and  travel  on  the  streets  of  all  incorporated  places  or  municipalities 
within  the  respective  States 


motor-vehicle  registrations  of  these  four  States  and 
their  respective  street  and  highway  mileages  are  shown 
in  table  4.  It  shows  that  the  streets  and  highways  of 
New  York  accommodated  the  greatest  number  of 
vehicles  per  mile  of  highway.  It  would  be  expected, 
therefore,  that  expenditures  per  mile  of  highway 
would  be  greatest  in  that  State. 

In  determining  road-use  relations  highway  users  are 
divided  into  rural  and  urban  groups,  since  highway 
taxation  and  highway  use  are  distinctly  different  for 
these  two  groups.  In  this  study,  urban  groups  include 
all  incorporated  places  (municipalities)  within  the  re- 
spective States;  the  rural  areas  comprise  the  remainder 
of  the  State.  Certain  areas  having  urban  character- 
istics but  existing  without  benefit  of  incorporation  are 
found  in  each  of  the  States,  but  it  is  impossible  to 
separate  them  for  comparative  fiscal  purposes  from  the 
more  inclusive  rural  governmental  units  containing 
them.  The  number  and  importance  of  such  urbanized 
areas  in  the  States  studied  are,  however,  relatively 
small.  All  comparisons  made  will  be  between  rural 
and  urban  areas  of  each  of  the  States,  though  certain 
travel  characteristics  in  specific  urban  areas  studied  in 
the  road-use  survey  will  also  be  given. 


Table   4. — Population,    motor-vehicle   registration , 
high  tea  ij  mileages 


anil  street  and 


Stale 

Year  ' 

Popula- 
tion (1930) 

Motor- 
vehicle 
registra- 
tion 

Street 

and 

highway 

mileage 

Persons 
per  ve- 
hicle 

Vehicles 
per  mile 
of  road 

Colorado .  . 

1932 
1932 
1932 
1930 

1.035,791 

2,  563,  953 

3  12,588,066 

2,  939, 006 

285, 860 

7C4, 896 

«  2,  296,  063 

791,404 

52,614 
2  111,475 
S  100,  593 

89,  539 

3.6 
3.6 
5.5 
3.7 

5.4 

Minnesota 

New  York 

Wisconsin 

6.3 
22.8 
8.9 

i  All  data  on  highway  mileages,  highway  expenditures,  motor-vehicle  registrations, 
and  all  fiscal  data,  will  be  for  the  years  given  here  for  the  respective  States. 

2  City  and  village  street  mileage,  except  that  on  State  or  county  connecting  routes, 
was  not  available  in  this  study. 

3  6,930,446  persons  in  New  York  City,  or  55.1  percent  of  the  State  total. 

4  797,101  vehicles  in  New  York  City,  or  34.7  percent  of  the  State  total. 

5  5,271  miles  in  New  York  City,  or  5.3  percent  of  the  State  total. 

TREND  TOWARD  FINANCING  PRIMARY  HIGHWAYS  FROM  HIGHWAY- 
USER  REVENUES  OBSERVED 

The  data  presented  in  table  4  suggest  the  relative 
magnitude  of  the  highway  problem  in  these  four  States. 
Later  tabulations  show  the  relative  use  of  the  available 
facilities  and  the  source  and  amount  of  expenditures  on 
the  respective  State  systems. 

While,  the  percentages  shown  in.  tables  2  and  3  indi- 
cate the  relative  use  of  the  several  highway  systems  in 
each  State,  it  is  necessary  for  comparative  purposes  to 
determine  the  amounts  and  sources  of  expenditures  on 
each  of  these  systems.  Table  5  shows  the  total  amounts 
of  expenditures  on  each  of  the  highway  systems  of  the 
four  States  in  the  year  studied.  Table  6  shows  similar 
data  but  segregates  expenditures  on  the  rural  portions 
of  the  several  systems  from  expenditures  on  the  urban 
extensions  i  in  order  to  distinguish  rural  and  urban 
expenditures  according  to  location  of  the  roads  and 
streets.  Tables  5  and  6  are  similar  in  the  classifications 
used  to  tables  2  and  3,  respectively,  and  have  been  set 
up  so  that  direct  comparisons  can  be  made. 

The  various  networks  of  highways  as  now  consti- 
tuted in  the  several  States  are  never  exactly  compar- 
able as  to  function,  demands  on  their  facilities,  or 
physical  characteristics.  This  is  especially  true  of  the 
relation  of  the  existing  primary  system  to  the  entire 
highway   system   in    the   respective   States.     Table    7 

*  Except  for  Wisconsin  where  such  a  separation  was  not  possible. 
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Table  .3. — Amount  and  ■percentage  of  total  road  and  street  expenditures,  by  highway  systems 


Expenditures  made  on- 

Total 

State 

Primary  system  i 

Secondary  system 

Local  rural  roads 

i  i  km    i  reel 

Amount 

Percent 

Amount 

Percent 

Amount 

Percenl 

Amount 

Percent 

Amount 

Percent 

i                        

Minnesota.                                  

New  York -..     -- 

,63,600 
32,149,900 
68,094,300 
24,918,700 

13  9 
57.  7 
31.6 
40.  7 

065,200 
12,720,700 
38,284    100 
9, 449, 100 

16  3 
22  8 
17.8 
15.  4 

$3,012,000 

3,894,300 

22,531,  100 

1  1,910,900 

23  8 

7.0 

10.4 

22  7 

$2,035,500 

6,  967,  Too 

•'  86,673,  100 

13,001,700 

16  i) 
1 2.  5 
40,  2 
21.2 

$12.  670,  3(10 
55,732,600 

215,583.200 
61,280   100 

100 
100 

too 

100 

1  Include?  expenditures  on  urban  extensions  of  the  rural  ]  or  I  ions  of  the  system      ime  classification  of  tlese  extet  n  table  2 

2  $68,587,500  or  31.8  percenl  of  the  total  was  expended  on  streets  in  \"e«  York  City. 

Table  6. — Amount  and  percentage  of  total  road  and  street  expenditures  in  inch  Stole,  by  class  of  rood  and  street  ' 


Expenditure 

s  made  on- 

Total 

State 

Primal  J  rural  roads  ' 

Secondary  rural  roads 

Local  rural  roads  ' 

Urban  streets 

Amount 

Amount 

Percent 

Amount 

Percenl 

Amount 

Pi  rcenl 

Amount 

Pet  cent 

.  . 

Minnesota . 

$.-,.211.3(10 
28,  437,800 
52,489,200 

1  21.  9 IS.  700 

41.  1 
51.0 
24.  3 

41).  7 

$1,975,500 
12,  191.000 
37,565,600 
'  9,  449, 100 

15.6 
21.9 

17.4 
15.4 

$2,977,700 
3,894,300 

22.  Ml.  Kill 
13,910,900 

23  5 

7.1 
111.  5 
22  7 

$2,511,800 

11,209,  500 

'  102,997,300 

13.0111.70(1 

19  8 
20.  1 

47.8 
21   2 

$12,676,300 
55,732  1 

215,  583,200 
61,280,  mo 

100 

10(1 

New  York 

mi 

Wisconsin  _. 

10(1 

i  Urban  extensions  of  primary  and  secondary  highways  included  with  urban  streets,  as  in  table  3. 
;  State  highways  except  in  Colorado  where  only  Federal-aid  roads  on  the  State  S3  stem  are  included. 

untj  roads  except  in  Colorado  where  they  consist  of  other  State  highways  not  included  in  the  primary  system. 
'  Township  roads  except  in  Colorado  where  they  are  county  roads.    There  arc  do  township  roads  in  ( lolorado 
5  $73,229,30),  or  34  percent  of  the  total  was  expended  on  New  York  City  streets. 
•  Includes  expenditures  made  on  city  and  village  streets  forming  a  part  of  the  primary  and  secondary  systems 


shows  the  percentage  that  the  primary  system  is  of  the 
entire  rural  highway  system  of  each  State,  and  also 
shows  the  population  per  mile  of  primary  road. 

It  will  be  seen  from  tables  2,  3,  5,  and  6  that  con- 
siderable disparity  existed  between  the  percentage  of 
funds  spent  on  the  primary  rural  roads  in  the  several 
States  and  the  relative  amount  of  travel  on  those  roads. 
Only  in  Colorado  was  there  close  agreement  between 
the  relative  portions  of  travel  and  expenditures  on  the 
primary  roads.  In  the  other  three  States  considerable 
differences  existed:  In  Minnesota  the  proportion  of 
expenditures  on  the  primary  rural  roads  was  16.5 
percent  greater  than  the  proportion  of  total  travel 
carried  on  that  system;  in  Wisconsin  the  percentage  of 
travel  exceeded  the  percentage  of  expenditures  on  the 
primary  system  by  12  percent.  Similarly  wide  varia- 
tions existed  between  travel  and  expenditures  on  the 
other  road  and  street  systems  of  each  State. 

Table  7. — Ratios  between  mileage  of  primary  highways  and  mile- 
age of  all  rural  highways,  and  population  per  mile  of  primary 
highway 


State 

Percentage 
that  primary 

highway 

mileage  is  of 

all  rural 

highway 

mileage  in 

the  State 

Populat  ion 

per  mile  of 

primary 

highway 

C  olorado 

7.2 
6.  1 
14.9 
12.3 

290 

Minnesota.   . 

379 

New  York 

1,015 

Wisconsin 

288 

Before  the  initiation  of  highway-user  taxation,  and 
even  until  quite  recently,  streets  and  roads  were  very 
largely  financed  with  general  property  taxes.  Under 
such  a  system  it  was  unavoidable  that  inequities  in  the 


tax  burden  should  exist  and  that  individuals  or  groups 
were  taxed  to  support  services  from  which  they  received 
little  apparent  benefit,  or  of  which  they  made  little 
immediate  or  direct  use.  The  shift  of  the  source  of 
revenues  for  highway  construction  and  maintenance 
from  general  property  taxes  to  motor-vehicle  and 
motor-fuel  taxes  has  been  considerably  accelerated  in 
recent  years;  but  while  highway-user  taxes  now  finance 
most  of  the  primary  State  highway  work  in  these  four 
States,  a  large  part  of  other  road  and  street  expendi- 
tures is  still  financed  with  general  property  taxes. 

Though  it  is  frequently  contended  that  the  primary 
highways  should  be  supported  entirely  out  of  highway- 
user  taxes,  in  almost  one-third  of  the  48  States,  State 
revenues  from  motor-vehicle  registration  fees  and  gaso- 
line taxes  in  1936  were  less  than  the  total  expenditures 
for  construction  and  maintenance  on  the  respective 
State  primary  systems.  A  definite  change  has  occurred 
from  the  earlier  policy  of  financing  streets  and  highways 
out  of  general  funds,  and  the  four  States  included  in  this 
study  have  made  considerable  progress  toward  financing 
primary  highways  from  highway-user  revenues. 

An  early  contention  was  that  many  nonhighway  users 
were  inequitably  taxed  because  property  taxes  paid  by 
them  went  to  the  support  of  roads  they  did  not  use. 
A  more  current  claim  is  that  large  groups  of  highway 
users  are  being  assessed  for  facilities  they  use  only  to 
a  small  degree.  This  claim  is  partly  based  on  urban 
residents'  contentions  that  a  large  portion  of  their 
annual  vehicle  travel  is  performed  on  the  streets  of  the 
municipality  of  residence,  and  that  they  make  but 
relatively  slight  use  of  the  rural  roads  which  are  con- 
structed and  maintained  from  gasoline  and  motor- 
vehicle  taxation. 

Road-use  surveys  have  been  made  to  determine  ac- 
curately the  facts  needed  to  answer  the  question:  Who 
utilizes  the  existing  highway  facilities? 
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I)  ATA  GIVEN  ON  HIGHWAY  TRAVEL.  REVENUES,  AND  EXPENDITURES 

Tables  8  to  12,  inclusive,  show  comparable  figures  for 
the  source  of  travel,  the  source  of  revenues,  and  the 
expenditures  on  each  of  the  highway  systems  of  the 
States.  It  can  be  seen  in  table  8  that  revenues  from 
other-than-highway-user  taxes  played  a  very  important 
part  in  highway  finance  in  Minnesota  and  New  York. 
In  the  latter  State  more  than  40  percent  of  the  street 
and  highway  expenditures  was  made  out  of  general 
revenues. 

Table  8. — Sources  of  revenues  spent  for  roads  am!  si 


State 

Total 

street  and 
highway  ex- 
penditures 

Specific 
street  and 
highway  im- 
posts 

Street  and  higtiu 
expenditures      fin  in 
general  revenues 

Amount         Percent 

$12,676,300 

55,  732,  600 

215,  583,  200 

01.280,400 

$12,004,800 

39,  682,  100 

>  127,485,400 

53,  186,  000 

$671,500 
16,  050,  500 
88, 097,  SOO 
8,  094,  400 

28.  8 

40  9 

13  2 

i  $59,517,300,  or  46.7  percent,  was  specifically  levied  on  New  York  City  residents. 

Table  9.- — Specific  street  and  highway  nnposts  paid  by  rural  and 
vrban  residents 


Paid  by  residents  of— 

Tota 

State 

Rural  areas 

Incorporated  places 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Colorado 

New  York _. 

\\  isconsin 

$3, 556,  400 
16,  880,  000 
26,  051,  200 
23, 035,  200 

29.6 
42.5 
20  4 
43.3 

$8,  448, 400 

22, 802, 100 

1  101,  434,  200 

30,  150,  800 

70.4 
57.5 
79.6 
56.7 

$12,004,800 
39,  682, 100 

127,  485,  400 
53, 186.  000 

100 
100 
100 
100 

i  $59,517,300  or  5S.G  percent,  paid  by  New  York  City  residents. 

Table  10. — Percentage  of  total  highway  expenditures  paid  by  rural 
and  urban  residents 


Paid  by  residents  of— 

State 

Rural  areas 

Incorporated 
places 

rl  otal 

Colorado 

Minnesota _ 

Percent 

27.5 
37.2 
21.5 
46.9 

Percent 
72.5 
62.8 
78.  5 
53.1 

Percent 

100 

100 

New  York 

loo 

Wisconsin 

1 00 

Table  j  1. — Percentage  of  residents  in  rural  and  vrban  areas  in 


Residents  of— 

State 

Rural  areas 

Incorporated 
places 

Total 

Colorado 

Percent 

38.0 
37.7 
13.6 
37.  1 

Percent 

62.0 

02.3 

1  86.  4 

62.9 

Percent 

100 

Minnesota 

Mew  ifork 

100 

100 

Wisconsin 

■  55.1  percent  of  the  total  population  resided  in  New  York  City. 

In  studying  these  figures,  it  must  be  remembered 
that  each  of  the  States  included  in  this  study  has  at 
least  one  large  city  whose  finances  and  physical  and 
economic  characteristics  are  profoundly  different  from 
those  of  the  rest  of  the  State.     This  is  most  pronounced 


in  New  York.  While  New  York  City  alone,  not  includ- 
ing the  very  populous  surrounding  metropolitan  area, 
comprised  55.1  percent  of  the  population  of  that  State; 
Milwaukee  had  but  19.7  percent  of  Wisconsin's  popula- 
tion; Minneapolis  and  St.  Paul  together  had  but  28.7 
percent  (18.1  percent  and  10.6  percent,  respectively)  of 
Minnesota's  population;  and  Denver  had  but  27.8 
percent  of  Colorado's  population. 

This  accounts  for  some  of  the  striking  differences  in 
New  York  data.  Most  of  the  specific  highway  imposts 
paid  by  New  York  City  residents  were  in  the  form  of 
motor-vehicle  and  motor-fuel  taxes.  Most  of  the  funds 
for  street  construction  in  the  city  came  out  of  general 
funds.  Consequently,  with  necessary  street  expendi- 
tures large  by  virtue  of  the  very  size  of  the  city,  the 
portion  of  all  street  and  highway  expenditures  met  out 
of  general  revenue  in  the  State  as  a  whole  was  very 
greatly  affected  by  the  New  York  City  expenditures  of 
this  type.  The  effect  of  New  York  City  on  data  for 
the  entire  State  is  apparent  in  all  tables  of  this  group. 

Table    12.- — Estimated    percentage    of   motor    vehicles    owned    by 
residents  of  rural  and  urban  areas 


State 


Colorado. . 
Minnesota 
New  York 
Wisconsin. 


Vehicles  owned  in- 


Rural  areas      Urban  areas 


Percent 
29. 
39. 
19. 
41. 


Total 


Percent 
70.  5 
60.2 

80   ' 
58.2 


Percent 


100 
100 
100 
100 


1  34.7  percent  of  the  total  number  of  vehicles  were  owned  by  residents  of  New  York 
City. 

The  detailed  fiscal  studies  in  these  States  indicated 
that  highway-user  revenues  are  generally  sufficient  for 
financing  the  State  highways,  and  that  those  street  and 
highway  expenditures  that  had  to  be  met  out  of  other 
or  general  revenues  (shown  in  table  8)  were  generally 
for  local  roads  and  streets. 

Several  measures  of  benefit  have  been  suggested  for 
use  in  determining  the  proper  allocation  and  assessment 
of  taxes  for  the  construction  and  maintenance  of  high- 
way facilities.  Different  measures  have  been  applied 
in  various  States,  frequently  because  of  expediency 
rather  than  because  of  any  general  or  specific  knowledge 
of  what  constitutes  an  equitable  base  for  levying  high- 
way taxes.  It  is  desirable  to  determine  first  the  exist- 
ing relationships  that  would  govern  the  selection  of  an 
equitable  base. 

Table  9,  which  shows  the  amounts  of  revenues  5  paid 
by  residents  of  rural  and  urban  areas  in  these  four 
States,  indicates  by  comparison  with  the  data  of  tables 
10,  11,  and  12  that—  _ 

1.  No  uniform  relation  exists  between  the  source  of 
specific  highway  imposts  and  the  source  of  revenues  for 
all  highway  expenditures,  as  distinguished  between 
rural  and  urban  areas.  Most  of  the  specific  highwTay 
revenues  came  from  urban  residents.  The  relatively 
high  percentage  shown  for  rural  residents  in  Minnesota 
results  from  the  fact  that  Minnesota  townships  levy 
specific  property  taxes  for  highway  purposes.6 

s  Under  the  definitions  used  in  these  surveys,  specific  highway  taxes  are  those  taxes 
levied  on  motor-vehicle  users,  as  motor-vehicle  registration  fees,  motor-fuel  taxes,  and 
other  taxes  that  are  specifically  levied  and  committed  to  highway  purposes.  Thus, 
when  local  property  taxes,  levied  and  collected  on  the  basis  of  some  budgetary  sched- 
ule, are  used  to  defray  highway  expenditures,  the  portion  so  used  is  not  considered  a 
specific  highway  levy  unless  that  portion  of  the  levy  scheduled  for  highway  purposes 
was  definitely  committed  for  that  use  and  could  not  be  used  interchangeably  with 
other  fuads  for  other  governmental  purposes. 

6  See  Public  Roads,  March  1936,  page  11. 
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2.  Only  in  Colorado  is  the  percentage  of  rural  resi- 
dents in  the  State  appreciably  higher  than  the  percent- 
age of  revenues  for  highway  expenditures  that  came 
from  rural  residents.  In  Minnesota  the  percentages 
are  approximately  the  same  and  in  New  York  and  Wis- 
consin the  population  percentages  are  considerably 
lower.  The  ratios  between  the  percentage  of  rural 
residents  in  the  total  population  and  the  percentage  of 
total  highway  costs  paid  by  rural  residents  in  these 
four  States  were  as  follows: 

Colorado 1.  38 

Minnesota 1.  01 

New  York .  63 

Wisconsin .  79 

In  other  words,  Colorado  rural  residents  paid  less  for 
the  support  of  their  streets  and  highways  than  might 
have  been  expected  as  reasonable  on  a  purely  per-capita 
basis.  The  variation  in  the  other  direction  was  great  est 
in  New  York. 

3.  In  all  States  the  situs  of  ownership  of  motor  ve- 
hicles corresponds  somewhat  closely  to  the  source  of 
revenues  spent  for  highways.  When  ratios  are  set  up 
similar  to  those  above,  we  find  that  in  each  of  the  four 
States  the  ratios  between  the  percentage  of  totai  motor 
vehicles  owned  in  rural  areas  and  the  percentage  of 
total  highway  costs  paid  by  rural  residents  were  as 
follows : 

Colorado 1.  07 

Minnesota 1.07 

New  York _■_  .  91 

Wisconsin .  89 

These  ratios  indicate  that  rural  residents  in  Colorado 
and  Minnesota  owned  motor  vehicles  in  excess  of  their 
contributions  to  highway  costs. 

Comparison  of  the  tables  also  reveals  that  only  in 
Colorado  was  the  percentage  of  rural  motor-vehicle 
ownership  lower  than  the  percentage  of  rural  popula- 
tion. The  ratios  between  the  percentage  of  rural- 
owned  motor  vehicles  in  the  State  and  the  percentage 
of  rural  population  were  as  follows : 

Colorado 0.  78 

Minnesota 1.  00 

New  York 1.  43 

Wisconsin 1.  13 

COMPARISONS  MADE  OF  HIGHWAY  USE  AND  TAXATION 

All  these  suggested  criteria  of  highway  taxation  bases, 
i.  e.,  source  of  specific  levies,  distribution  of  population, 
and  distribution  of  motor-vehicle  ownership,  fail  to 
indicate  what  relations  should  exist  between  highway- 
user  taxation  and  highway  expenditures;  they  indicate 
only  what  the  present  relations  are.  It  is  therefore 
desirable  to  investigate  the  data  available  as  to  street 
and  highway  use  and  to  determine  (1)  if  such  data  pro- 
vide a  basis  for  establishing  an  equitable  taxation  sys- 
tem to  furnish  revenues  for  the  street  and  highway  sys- 
tem, and  (2)  if  present  revenues  are  derived  from  various 
population  groups  in  proportion  to  their  interest  in 
and  use  of  the  various  highway  systems. 

Pertinent  data  on  this  phase  of  the  subject  are  pre- 
sented in  tables  13  to  21,  inclusive,  which  show: 

1.  The  sources  of  funds  spent  on  the  primary  State 
highway  systems,  as  derived  from  rural  and  urban  resi- 
dents, compared  with  the  use  of  these  highway  systems 
by  rural  and  urban  residents. 

2.  Similar  comparisons  for  expenditures  on  and  the 
use  of — 

a.  County  roads,  which  frequently  comprise  the 
secondary  road  system  of  the  State. 


b.  Local  rural  roads. 

c.  City  and  village  streets. 

d.  All  roads  and  streets  within  the  State. 

Comparisons  of  these  data  are  also  shown  graphically 
in  figures  1  to  5.  These  tables  and  figures  illustrate  the 
following  facts  disclosed  by  the  road-use  surveys  in  these 
four  States: 

1.  Colorado  and  Minnesota  rural  residents  contrib- 
uted more  to  the  primary  State  highway  systems  of 
their  respective  States  than  their  proportionate  travel 
on  those  systems;  New  York  rural  residents  paid  far 
less  than  their  proportionate  use;  and  Wisconsin  rural 
residents  paid  almost  in  proportion  to  use.  The  re- 
spective ratios  of  expenditures  to  travel  are:  Colorado — 
1.33;  Minnesota— 1.10;  New  York— 0.05;  and  Wiscon- 
sin—1.05. 

The  proportion  of  truck  and  bus  travel  was  found  to 
be  approximately  the  same  in  all  four  States.  In  New 
York  it  comprised  16.3  percent  of  the  total  travel  on  the 
State  primary  system.  Strikingly  enough,  a  larger  per- 
centage of  the  total  truck  and  bus  travel  on  primary 
roads  originated  in  rural  areas  than  originated  from 
New  York  City.  The  highest  percentage  of  the  total 
truck  and  bus  travel  in  New  York  originating  in  one 
group  of  places  was  in  the  group  of  cities  having  popu- 
lations between  75,000  and  400,000,  while  the  per- 
centage was  lowest  in  Buffalo. 

Somewhat  similar  conditions  were  noted  with  respect 
to  the  use  of  secondary  roads.  More  than  one-fourth 
of  the  secondary  highway  travel  originating  in  New 
York  City  was  attributable  to  trucks  and  busses. 

Travel  on  Minnesota  primary  highways  was  very 
similar  to  New  York's  in  that  17.3  percent  was  truck 
and  bus  travel;  and,  as  in  New  York,  of  rural  motor- 
vehicle  owners'  travel  on  primary  highways,  more  was 
occasioned  by  trucks  and  busses  than  in  the  case  of 
any  other  population  group.  Of  the  travel  on  second- 
ary roads,  16.9  percent  was  occasioned  by  trucks  and 
busses. 

Truck  and  bus  travel  constituted  a  somewhat  larger 
percentage  of  motor  travel  in  Colorado  than  in  the 
other  States.  On  the  primary  system  24.3  percent  of 
the  total  travel  by  Colorado  vehicles  was  truck  and  bus 
travel;  18.4  percent  of  the  secondary  road  travel  was 
attributable  to  those  vehicles;  and  for  all  roads  and 
streets  such  travel  accounted  for  19  percent  of  the  total. 

2.  In  all  four  States,  rural  residents  accounted  for  a 
greater  share  of  the  travel  on  the  secondary  roads  than 
their  relative  contribution  to  the  support  of  those  roads. 
In  Wisconsin  the  proportions  were  more  nearly  equal 
than  in  any  of  the  other  States.  The  condition  revealed 
in  New  York  was  somewhat  unexpected,  since  the  sec- 
ondary system  consists  generally  of  good  to  excellent 
roads.  It  had  been  thought  that  the  system  was  well 
used  and  served  as  an  important  adjunct  to  the  primary 
system.  As  a  result  of  the  disclosures  of  the  New  York 
survey  immediate  steps  were  taken  to  divert  some  of 
the  primary  system  travel  to  the  secondary  system  by 
marking  such  roads  and  their  termini  more  adequately. 
The  close  relation  between  use  and  payment  in  Wis- 
consin is  possibly  due  in  part  to  a  well-maintained  and 
carefully  planned  county  system,  adequately  marked 
and  signed. 

The  respective  ratios  between  expenditures  and 
travel  by  rural  residents  on  the  secondary  systems 
were  as'  follows:  Colorado — 0.68;  Minnesota — 0.74; 
New  York— 0.64;  Wisconsin— 0.92. 
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Figure  1. — Percentages  of  Travel  Performed  and  Ex- 
penditures Paid  by  Residents  of  Urban  and  Rural 
Areas,   on   Primary  State   Highways. 
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Figure  2. — Percentages  of  Travel  Performed  and  Ex- 
penditures Paid  by  Residents  of  Urban  and  Rural 
Areas,   on  Secondary   Roads. 

3.  Only  in  Colorado  did  rural  residents'  contributions 
to  local  roads  fail  to  outweigh  their  use  of  those  roads. 
These  local  roads  in  Colorado  are  county  roads,  and  re- 
ceive the  larger  portion  of  their  support  from  urban 
residents  because  necessary  road  funds  are  largely  de- 
rived from  the  State  motor-vehicle  fees  and  motor-fuel 
taxes  to  which  urban  residents  contribute  a  large  share. 
In  the  other  States  the  local  roads  are  under  township 
jurisdiction  and  receive  the  larger  share  of  their 
support  from  township  property  taxes.  This  is 
notably  evident  in  Minnesota  where  the  town- 
ship roads  are  entirely  financed  by  township  prop- 
erty taxes. 

The  respective  ratios  between  expenditures  and  travel 
by  rural  residents  on  the  strictly  local  rural  roads  were 
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Figure  3. — Percentage  of  Travel  Performed  and  Expend- 
itures Paid  by  Residents  of  Urban  and  Rural  Areas,  on 
Local  Rural  Roads. 
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Figure  4. — Percentages  of  Travel  Performed  and  Ex- 
penditures Paid  by  Residents  of  Urban  and  Rural 
Areas,  on  Urban   Streets. 

as  follows:  Colorado — 0.67;  Minnesota — 1.55;  New 
York — 1.18;  Wisconsin — 1.36. 

Surprisingly  enough,  more  than  one-fourth  of  the 
New  York  travel  on  township  roads  was  by  trucks  and 
busses — but  this  was  largely  composed  of  light  trucks 
which  in  many  instances  served  their  owners  both  as 
trucks  and  passenger  cars.  Approximately  20  percent 
of  the  travel  on  Minnesota's  township  roads  was  like- 
wise performed  by  trucks  and  busses. 

4.  The  financing  and  use  of  urban  streets  may  be  said 
to  have  been  done  almost  entirely  by  urban  residents. 
The  highest  percentage  of  rural  use  of  urban  facilities 
was  in  Wisconsin,  where  the  survey  indicated  almost  8 
percent  of  the  travel  on  urban  streets  was  performed 
by  rural  residents. 
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Comparisons  of  the  data  given  in  tables  13  to  I!) 
reveal  some  interesting  relationships.  It  was  noted  in 
the  comments  on  tables  8  to  12  that  these  figures 
indicated  what  relationships  existed  but  did  not  reveal 
what  they  should  be  under  an  equitable  taxation  sys- 
tem. In  later  tables  comparisons  between  travel  by 
rural  residents  and  their  contributions  to  the  highways 
of  the  States  have  been  made.  It  was  observed  that 
there  were  wide  variations  with  respect  to  contiibutions 
to  and  use  of  the  primary  system.  Colorado,  Min- 
nesota, and  Wisconsin  rural  residents  contributed  more, 
proportionately,  than  they  used  the  primary  highways. 
In  all  four  States  rural  residents  contributed  less,  pro- 
portionately,   to    the    secondary    systems    than    their 

Table    13. — Percentage   of  expenditures   on    the   respective   StaU 
primary  highway  systems  paid  by  rural  and  urban  residents 


State 

Paid  by  residents  of— 

Total 

Rural  areas 

Incorporated 
places 

Colorado  ' 

Minnesota ..  .   .  . 

Peru  hi 
28.6 
30.8 
18.2 
37.4 

J'lrn  1:1 

71.4 
69  2 
81.8 
62  6 

J 'mi  nl 

100 
100 
100 

100 

'  Includes  only  the  Federal-aid  portion  of  the  State  highways 
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Figure  5. — Percentages  of  Travel  Performed  and  Ex- 
penditures Paid  by  Residents  of  Urban  and  Rural 
Areas,  on  all  Streets  and   Highways. 


Table   14.- — Estimated  distribution  of  travel  annually  on  the  respective  Stat(  primary  highway  systems 


Travel  performed  on 

State 

Rural 

roads 

i  'rban  extensions 

Entire  state  primary  system 

By  rural  residents 

Bj  urban  residents 

By  rural  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

Colorado1... 

Million 
vehicle- 
miles 

178.4 

527.2 

1,  823.  7 

Per- 

C(  nl 

21.7 
29  8 
30.6 

Million 
vehicle- 
miles 

648.  0 
1,  243.  2 
4, 128.  1 

Per- 

ri  nl 
78.3 
70.  2 
69.  4 

Million 
vehicle- 
miles 
29.9 
110.1 
623.8 

Per- 

rt  nl 
20.3 
21.8 
22.5 

Million 

vehicle- 
mites 

106.4 
395.  9 

2,  14S.  8 

Per- 

ii  nt 
79.7 
78.  2 

77.5 

Million 

1 1  h  kit  ■ 

miles 

208.  3 

637.3 

2,  447.  5 

1.  131   1 

Per- 

n  nl 
21.5 
28.0 
28.  1 
35.  7 

Million 
vehicle- 
miles 

754.4 
1.639.1 
6,  271    9 
2.  032.  2 

J 'a 
Cl  ill 

78.  5 
72.  ii 
71.9 
64  3 

New  York ..  

i  See  note  1.  table  13. 

2  See  note  2,  table  3.    It  is  impossible  to  separate  all  travel  on  urban  streets  from  rural  road  tra\  el 


Table  15. 


-Percentage  of  expenditures  on  county  roads  paid  by 
rural  and  urban  residents 


Paid  by  residents  of— 

To 

State 

Rural  areas 

Incorporated 

places 

al 

Colorado1 

Minnesota 

Peru  nt 

30.9 
45.5 
28  l 

47.  (i 

Pi  ret nl 
69   1 
54   5 
71.9 

52  4 

Fir 

'Hit 

100 

inn 

1110 

Wisconsin  .. 

urn 

1  Consists  of  State  highways  not   included  in   primary  system;  see  also  note  1. 
table  13. 

travel  on  them  warranted;  for  the  purely  local  rural 
roads,  only  in  Colorado  did  rural  residents  contribute 
less,  relatively,  than  their  travel  on  the  roads  warranted. 

The  relationships  between  expenditures  and  travel 
on  the  combined  highway  systems  will  be  discussed 
next. 

When  the  data  of  tables  10  and  20  are  compared,  it  is 
found  that  the  ratios  between  the  percentage  of  rural 
residents'    travel    to   total   travel   and   the   percentage 


that  rural  residents'  contributions  to  highways  bear  to 
the  total  contributions  were  as  follows: 

Colorado 0,  86 

Minnesota .  7!i 

New  York 85 

Wisconsin 68 

Comparing  the  data  for  rural  residents  in  tables  12 
and  20,  the  ratios  between  the  percentage  of  travel  and 
the  percentage  that  rural-owned  vehicles  were  of  the 
total  motor  vehicles  are  found  to  be: 


Colorado..  _ 
Minin  sota 
New  York. 
Wisconsin. 


0  SO 

.  74 
.  04 

.  77 


When  each  State  is  considered  separately,  it  can  be 
readily  seen  that  in  every  case  the  contributions  by 
rural  residents  tire  relatively  greater  than  their  use  of 
the  available  highway  facilities;  and  that  relatively, 
their  travel  on  the  highway  systems  of  these  four 
States  lags  behind  their  proportionate  ownership  of 
motor-vehicles.  The  causes  of  these  conditions  are 
numerous  and  differ  from  State  to  State  depending  on 
the     extent    and     nature     of    highway     development. 
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Table  16. — 

Estimated  distribution  of  travel  annually  on 

the  respective  county  road  systems 

Travel  performed  on — 

State 

Rural  roads 

Urban  extensions 

Entire  county  road  system 

By  rural  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

Colorado  ; 

Million 
vehicle- 
miles 
111.6 
590.  1 
126  9 

Per- 
cent 
46.4 
62.  l 
53.2 

Million 
i  thick- 
m  iles 
128.8 
360.7 
374.9 

Per- 
cent 

53.6 
37.9 
46.8 

Million 
vehicle- 
miles 
7.8 
3b.  2 
74.6 

Per- 
cent 
35.0 
58.1 
21.6 

Million 
vehicle- 
mites 
14.5 
27.5 
270.7 

Per- 
cent 
65.0 
41.9 

78.4 

Million 
vehicle- 
miles 
119.4 
628.3 
501.  5 
419.8 

Per- 
cent 
45.5 
61.8 
43.7 
51.6 

Million 
vehicle- 
miles 
143.3 
388.2 
645.6 
393.7 

Per- 
cent 
54.5 

Minnesota 

New  York 

38.2 
56.3 

Wisconsin  ; 

48.4 

1  See  note  1,  table  15. 

2  See  note  2,  table  3.    It  is  impossible  to  separate  all  travel  on  urban  streets  from  rural  road  travel. 


Table  17. — Percentage  of  expenditures  on  load  rural  roads  jiaid 
by  rural  oral  urban  residents 


Paid  by  residents  of— 

Rural  areas 

Incorporated 
places 

Total 

Colorado1 .   .          

Percent 

12  5 

inn  (1 

-  *7  2 

86  '-' 

Percent 

57.5 

0 

'-'  12  8 

13.8 

I 'tree nt 

100 

Minnesota .   . 

New  York 

Wisconsin ..       .    .   

100 
100 

100 

1  County  roads;  in  all  other  States'tuese  are  township  roads. 

■  Because  of  fund  relationships  involved  and  the  overlapping  of  the  fundi. 
the  towns  and  the  incorporated  villages,  it  is  impractical  to  determine  the  true  con- 
tributions; but  it  would  appear  that  at  least  13  percent  of  the  cost  of  town  highway 
construction  and  maintenance  was  borne  by  the  residents  of  New  York  cities  and 
villages. 

Table   18. —  Percentage  of  expenditures  on  xirban  streets  paid  by 
rural  and  urban  residents 


Paid  by  residents  of— 

State 

Rural  areas      "»'';•' 

Total 

Colorado. 

Percent 

0.  0 
0 
i  2.  9 
2.7 

Percent 

100.0 

100.0 

i  97.  1 

97.3 

Percent 

100 

Minnesota...   .                       .    

New  York   .. 

100 

1(10 

Wisconsin. 

'  It  is  impractical  to  determine  the  exact  rural  and  urban  contributions  to  urban 
streets,  but  on  the  basis  of  the  payment  of  or  use  of  State  funds  for  urban  streets  il 
would  appear  that  approximately  these  percentages  of  the  costs  of  urban  streets  were 
contributed  by  the  two  classes  of  residents. 


CLOSE     CORRELATION     FOUND     BETWEEN'  REGISTRATION?, 
PEMJITCRES,  AND  TRAVEL  PER   MILE  OK  HIGHWAY 


EX- 


It  is  believed  that  the  data  shown  here  illustrate 
clearly  the  existing  conditions  and  point  the  way  toward 
remedies  that  might  be  effected.     Undoubtedly,  thorough 


investigation  along  several  lines  will  -be  necessary  to 
discover  the  causal  factors  behind  the  ratios  appearing 
above,  and  to  work  out  the  remedial  measures  that 
should  be  taken. 

These  comparisons  are  also  clearly  shown  in  figures 
1  to  5,  inclusive.  The  bar  diagrams  illustrate  the 
uniformity  of  relationships  in  the  four  States  with  the 
following  exceptions: 

1.  The  primary  system  in  New  York. 

2.  The  local  rural  roads  in  Colorado. 

3.  Urban  streets  in  Wisconsin. 

A  comparison  of  the  travel  on  each  of  the  systems 
and  the  actual  mileage  of  those  roads  will  also  be  made. 
Comparisons  of  tables  2  and  21  indicate:  (1)  That  the 
percentage  of  travel  on  the  primary  systems  is  much 
higher  in  all  States  than  the  proportionate  lengths  of 
those  systems;  (2)  that  these  percentages  are  more 
nearly  equal  for  the  secondary  roads;  and  (3)  that  the 
widest  discrepancy  occurs  in  the  case  of  local  rural 
roads  and  urban  streets.  In  Colorado  the  local 
(county)  roads  carry  8.9  percent  of  the  travel  and  com- 
prise 76.7  percent  of  the  street  and  highway  mileage  of 
the  State,  while  the  city  and  town  streets  carry  28.8 
percent  of  the  travel  and  account  for  only  6.3  percent 
of  the  total  road  and  street  mileage. 

Certain  travel  data  are  available  for  five  other  States 
in  which  financial  surveys  were  made  without  the 
accompanying  road-use  surveys.7  Questionnaires  re- 
turned by  motor-vehicle  owners  in  these  States  pro- 
vided data  as  to  the  total  annual  travel  by  motor- 
vehicle  owners  on  the  streets  and  roads  of  the  States 
of  which  they  were  resident. 

In  figure  6  some  comparisons  of  the  data  obtained  in 
these  nine  States  are  presented.  The  number  of 
vehicles  per  mile  of  road,  expenditures  per  mile  of  road, 

?  These  States  and  the  years  for  which  the  survevs  were  made  are:  Michigan,  1930; 
Illinois,  1930;  New  Hampshire,  1932;  Wyoming,  1932;  and  New  Mexico,  1932. 


Table  19. — Estimated  distribution  of  travel  annually  on  the  respective  local  rural  roads  and  urban  streets 


Travel  performed  on — 

-late 

Local  rural  n 

Urban  streets 

All  local  roads  and  streel 

By  una'  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

i  'olorado 

Million  ve- 
hicle-miles 

1 10.  2 
201  3 
372.  3 
301   8 

/  v  ret  m 
63  I 
61,7 
73.  8 

i„;  5 

Million  it 

lad.  miles 
ill  7 
109  9 
132.5 
173.3 

1  '   .'  ft  lit 

36. 9 
35.3 
26.2 
36.5 

Million  re- 

hicle-miles 

21.0 

43.2 

'  232.  5 

58  8 

! ',   ■ . 
3.8 
2.8 

2.  G 

3.  8 

Million  ve- 
hicle-miles 
546.5 
1,484.4 
'  8,  863.  9 
3  1.486.3 

Percent 
96.2 
97.2 
97.4 
96.2 

Million  ve- 
hicle-miles 
131.2 
244.5 
604.8 
360.6 

Percent 
17.7 
13.3 
6.3 
17.8 

Million  ve- 
hicle-miles 
611.2 
1,  594. 3 

S  til  16    1 
1,  659.  6 

Percent 
82.3 
86.7 
93.7 
82.2 

i  2,200,000  vehicle-miles  on  New  York  City  si I 

'  5,402,300,000  vehicle-miles  on  New  York  City  streets 
This  does  not  include  street  travel  on  the  primarj  and  second  u  re  the  connecting tions  in  urban  areas  were  used. 
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Figure  6. — Comparison  op  Vehicles  per  Mile,  Expenditures  per  Mile,  and  Travel  per  Mile,  on  all  Roads  and  Streets 

in  Nine  States. 


Table  20. — Estimated  distribution  of  travel  annually  on 

all  streets  and  highways 

Travel  performed  on- 

State 

Rural  roads 

Urban  streets 

All  streets  and  highways 

By  rural  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

By  rural  residents 

By  urban  residents 

Coloi  ido- _ 

Minnesot                                                 

Million 

vehicle  - 

miles 

400.2 
1,318.6 
2,  622.  9 

Percent 
32.2 
43.5 
36.1 

Million 
vehicle- 
miles 

841  5 
1,713.8 
4.  635  5 

Pt  ret  ut 
67.8 
56.5 
63.9 

Million 
vehicle- 
mites 
58.7 
191.5 
'  930.  9 

Percent 
8.  1 
9.1 
7.6 

Million 
vehicle- 
miles 

667.4 

1, 907.  8 

2  11,283.4 

Percent 
91.9 
90.9 

92.4 

Million 

vehicle- 
miles 

458.9 
1,510.1 
3,  553. 8 
1,911.5 

Percent 
23.3 
29.4 
18.3 
31.9 

Million 
veh icle- 
miles 
1,508.9 
3,621.6 
15,918.9 
4, 085.  5 

Perct  a  >' 
76.  7 
70.6 

New  York _  . . 

81.7 

68.1 

i  16,400,000  vehicle-miles  on  New  York  City  streets. 

1  9  JOO.OOO  vehicle-miles  on  New  York  City  streets 
3  See  note  2  table  3.    It  is  impossible  to  segregate  all  travel  on  urban  streets  from  rural  road  travel. 


and  vehicle-miles  of  travel  per  mile  of  road  for  each  St  a  t  e 
are  shown.  In  each  of  these  three  comparisons,  all  of  the 
States  bear  the  same  general  relationship  to  each  other 
except  Illinois,  where  the  total  travel  per  mile  of  road 
was  lower  than  that  of  the  preceding  State  (Michigan). 
Measurable  increases  in  the  total  travel  on  the  various 
road  systems  have  occurred  since  these  studies  were 
made,  as  evidenced  both  by  increased  annual  travel 
per  vehicle  (as  revealed  by  gasoline  consumption  data) 
and  by  an  increase  in  the  number  of  registered  vehicles. 
The  State-wide  highway  planning  surveys  now  in  prog- 


ress in  these  9  States  and  in  34  other  States  will  reveal 
these  changes  and  will  indicate  whether  or  not  these 
increases  have  altered  the  relationships  shown  in 
figure  6. 

Figure  7  shows  in  a  different  manner  the  same  rela- 
tionships as  figure  6  for  the  four  States  Colorado,  Min- 
nesota, New  York,  and  Wisconsin.  Tins  figure  ftirther 
illustrates  that  a  State  having  a  high  expenditure  per 
mile  of  road  and  street  also  has  a  large  number  of 
vehicles  per  mile  of  road,  and  also  has  a  correspondingly 
great  amount  of  travel  per  mile  of  road. 
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Figure  7. — Comparison  of  Vehicles  per  Mile,  Expendi- 
tures per  Mile,  and  Travel  per  Mile  on  all  Roads  and 
Streets  in  Four   States. 
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Figure  8. — Comparison  of  Expenditures  per  Mile  and 
Travel  per  Mile  on  the  Primary  Rural  Highways  in 
Four  States.  (Travel  Figures  for  Wisconsin  are  in 
Vehicle-Miles  per  Mile  of  all  Primary    Highways.) 

The  number  of  vehicles  per  mile  of  road  in  Colorado 
was  5.4  and  expenditures  per  mile  were  $241,  while  in 
Wisconsin  with  8.9  vehicles  per  mile  of  road,  or  65 
percent  more  than  in  Colorado,  expenditures  were 
$684  per  mile,  or  184  percent  greater  than  for  Colorado. 

Corresponding  figures  are  observed  in  connection 
with  travel  per  mile  of  road.  In  Colorado,  the  annual 
travel  of  37,400  vehicle-miles  per  mile  of  road  was 
accompanied  by  an  annual  expenditure  of  $241  per 
mile;  whereas  in  Minnesota,  greater  travel,  46,000 
vehicle-miles  per  mile  of  road,  accompanied  expenditures 
of  $500  per  mile  of  road.  Thus,  travel  in  Minnesota 
was  but  23  percent  greater  than  in  Colorado,  yet  the 
former's  expenditures  were  107  percent  greater,  when 
compared  on  this  basis. 

Figures  8  to  11,  inclusive,  illustrate  in  detail  the  rela- 
tions  existing   between    travel  per  mile   of   road   and 


expenditures  per  mile  of  road  for  each  of  the  street  and 
highway  systems  in  these  four  States. 

Although  these  relationships  follow  similar  trends, 
figure  8  indicates  that  for  Minnesota,  by  comparison 
with  the  other  three  States,  the  travel  per  mile  on  the 
rural  portions  of  the  primary  State  highways  did  not 
correspond  with  the  large  unit  expenditures. 

Table  21. — Percentage  distribution  of  total  road  and  street  mileage 
in  each  State. 


Milea 

;e  of— 

State 

Primary 
rural 
roads  ' 

Second- 
ary rural 
roads  2 

Local 
rural 
roads  ! 

Urban 

streets 

Total 

Colorado 

Percent 
G.  5 
5.4 
11.4 
11.4 

Pit  end 
10.5 
28.  2 
11.6 

15.4 

Percent 

76.7 
65.1 
59.7 
65.8 

Percent 

6.3 

*  1.3 

5  17.3 
7.4 

Ptrci  nt 
100 

Minnesota 

jll 

New  York 

100 

Wisconsin 

100 

i  State  highways  except  in  Colorado  where  only  Federal-aid  roads  are  included. 
•'  County  roads  except  in  Colorado  where  State  roads  not  included  in  the  primary 
system  are  so  classed. 

3  Township  roads  except  in  Colorado  where  this  group  consists  of  county  and  forest 
roads. 

4  Percentages  computed  without  including  most  street  mileage,  for  which  data 
were  not  available.  The  amount  shown  here  represents  the  streets  that  formed  the 
urban  connections  of  the  State  and  county  highways. 

5  5.3  percent  of  New  York  mileage  was  comprised  of  New  York  City  streets. 

The  ratios  shown  for  Colorado  and  New  Yoik  are 
surprisingly  similar.  New  York  expenditures  per  mile 
of  primary  rural  road  were  197  percent  greater  than 
those  for  Colorado,  whereas  New  York  travel  expressed 
in  vehicle-miles  per  mile  of  primary  rural  road  was 
approximately  113  percent  greater.-  Comparisons  with 
Wisconsin  data  are  not  entirely  satisfactory  because 
travel  on  urban  and  rural  portions  of  the  system  cannot 
be  separated. 

A  similar  condition  to  that  noted  for  Minnesota  in 
figure  8  is  seen  to  have  existed  for  the  rural  portions  of 
county  roads  in  New  York  (fig.  9).  Expenditures  per 
mile  of  these  roads  weie  eight  times  gi eater  than  those 
reported  in  Colorado,  and  seven  and  one-quarter  times 
greater  than  those  in  Minnesota,  but  travel  was  only 
about  58  percent  greater  than  travel  on  Colorado 
secondary  roads  and  70  percent  greater  than  that  in 
Minnesota. 

EXPENDITURES  PER   VEHICLE-MILE  OF  TRAVEL  LEAST  ON   URBAN 

STREETS 

The  uniformities  noted  for  the  entire  road  network 
within  these  States  (fig.  7)  and  for  the  primary  systems 
(fig.  8)  do  not  extend  so  markedly  to  the  secondary 
roads.  The  greater  variations  for  secondary  roads  are 
undoubtedly  caused  largely  by  the  fact  that  the  develop- 
ment, function,  and  use  of  the  secondary  roads  are 
more  divergent  than  for  the  primary  roads  or  even  for 
the  local  roads  and  streets. 

Primary  highways  generally  serve  as  trunk-line  trans- 
portation systems;  local  rural  roads  usually  receive 
their  greatest  utilization  from  the  residents  living  ad- 
jacent to  them,  just  as  the  principal  function  served 
by  city  and  village  streets  is  the  handling  of  local  traffic. 
Secondary  roads  are  generally  integral  accessories  of 
the  primary  roads;  sometimes  they  serve  more  generally 
as  primary  local  roads;  and  occasionally,  laid  out  with- 
out rational  plan  or  purpose,  they  merely  exist,  serving 
various  needs.  It  is  not  surprising  then  that  the  con- 
ditions shown  in  figure  9  are  found;  nor  is  it  surprising 
that  these  nonuniform  conditions  affect  the  relation- 
ships for  all  roads  and  streets  but  very  little,  since  the 
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travel  and  expenditures  on  the  secondary  systems  gen- 
erally constitute  but  a  small  percentage  of  the  total 
highway  travel  and  expenditures  in  the  State.  In 
these  four  States,  the  travel  .on  the  secondary  systems 
constituted  the  following  percentages  of  the  total  travel 
within  the  States: 

Peru  at 

Colorado 13.  4 

Minnesota 19.  8 

New  York 5.  9 

Wisconsin 13.  6 

Expenditures  on  the  secondary  systems  constituted 
the  following  percentages  of  the  total  street  and  high- 
way expenditures  within  the  respective  States: 

Percent 

Colorado 16.  3 

Minnesota.  __  .    22.  8 

New  York .    17.  S 

Wisconsin 15.  4 
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Figure  9. — Comparison  of  Expenditures  per  Mile  and 
Travel  per  Mile  on  Secondary  Rural  Roads  in  Four 
States.  (Travel  Figures  for  Wisconsin  are  in  Vehicle- 
Miles  per   Mile  of  all  Secondary    Roads.) 

The  differences  shown  in  these  figures  are  more 
strikingly  illustrated  by  figure  9  where  travel  and 
expenditures  for  the  rural  portions  of  the  systems  are 
shown. 

Great  variation  is  also  noted  in  the  township  road 
relationships,  shown  graphically  in  figure  10.  Though 
there  is  but  comparatively  little  variation  in  travel  per 
mile  of  local  road  in  the  four  States,  expenditures  per 
mile  of  road  vary  from  $54  in  Minnesota  to  $375  in 
New  York. 

Street  mileages  in  Minnesota  were  not  available  so 
figure  11  shows  data  for  only  three  States. 

Another  comparison  for  these  four  States  can  be 
made  by  showing  the  expenditures  per  vehicle-mile  of 
travel  on  each  of  the  systems.  These  data  are  given 
in  table  22. 
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Figure    10. — Comparison    of    Expenditures    per    Mile 
Travel  per  Mile  on  Loc  \i.  Rural  Roads  in  Four  St 
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Table  22. — Expenditures  per  vehicle-mile  of  Irani  on  '>  •   various 
>ad  systems 


Expenditures  per  vehicle-mile  "f  tr;    •  1  on— 

Stair 

l'i  imarj 
rural 
roads 

Second- 
ary rural 
roads 

Loral 
rural 
roids 

Urban 

street* 

All  roads 

and 

-i  reets 

Colorado 

Minnesota 

$n  0063 
.01(11 
miss 
0220 

$0.0082 
,0128 
.0469 
.  0225 

$0. 0035 
OIL';, 
.II44H 
0386 

$0,003;         $0  0064 
0109 

New  York 

0084             .0111 

Wisconsin.. 
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Figure    11. — Comparison    of    Expenditures   per    Mile    and 
Travel  per  Mile  on  Urban  Streets  in  Three  States. 

Colorado  had  the  lowest  expenditure  per  vehicle-mile 
of  travel,  and  the  highest  costs  were  for  New  York 
secondary  and  local  roads  and  for  Wisconsin  township 
roads.  In  all  States,  urban  street  costs  were  relatively 
low,  those  in  New  York  being  the  highest.  Tins  is  not 
unexpected,  as  extreme  urbanization  tends  to  nullify 
some  of  the  expected  economies  by  requiring  additional 
expensive  facilities. 
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Before  any  conclusions  are  drawn  from  these  data, 
certain  other  specific  studies  that  also  reveal  informa- 
tion of  considerable  interest  should  be  made. 

The  four  States  of  this  analysis  contain  three  cities 
having  approximately  the  same  population — Buffalo, 
Milwaukee,  and  Minneapolis.  It  is  therefore  interest- 
ing to  study  the  similarity  of  travel  habits  of  passenger 
car  owners  in  these  cities  as  revealed  by  the  following 
data: 

The  estimated  average  annual  State  travel  of  passen- 
ger cars  owned  in  these  cities  was — 

Mites 

Buffalo 9,100 

Milwaukee 9,  400 

Minneapolis 9,  800 

The  approximate  percentage'of  the  total  travel  that 
was  performed  on  the  primary  State  highways  by 
passenger  cars  was — 

Percent 

Buffalo 36.  4 

M ilwaukee 37.  0 

Minneapolis 37.  1 

The  number  of  persons  per  motor  vehicle  owned  in 
these  three  cities  also  provides  an  interesting  comparison 
with  the  first  tabulation  given  above.  There  appears 
to  be  close  correlation  between  these  two  figures  in 
that  the  higher  average  annual  travel  was  reported  for 
the  city  that  had  the  fewest  number  of  persons  per 
vehicle  (Minneapolis).     The  figures  are  as  follows: 

Persons     per 
vehicle 

Buffalo 4.  5 

Milwaukee 4.  2 

Minneapolis 3.  8 

It  is  also  possible  to  compare  percentages  of  travel 
performed  on  rural  and  urban  roads  by  motor-vehicle 
owners  in  various-sized  cities  of  these  States.  The  data 
are  shown  in  table  23. s 

It  will  be  observed  that  the  groups  of  cities  have  been 
arranged  in  ascending  order  of  population  and  that  there 
is  a  general  tendency  for  the  percentage  of  total  travel 
on  rural  roads  to  decrease  as  the  size  of  city  increases. 
While  the  trend  is  not  constant,  it  is  quite  evident  and 
discrepancies  in  most  cases  can  be  explained  by  virtue 
of  the  location  of  the  respective  cities  and  the  peculiari- 
ties of  the  highway  systems  serving  the  cities. 

Table    23. — Approximate    percentage    distribution    of   rural    ami 
urban  travel  by  passenger-car  owners  of  selected  alas 


Popula- 
tion 

(1930) 

Percentage  of 
travel  on- 

Rural 

roads 

Urban 
street  s 

1  otal 

fHibbing 

15,  066 

20,  02 1 
21,000 
20.  850 

50,  096 

}        « 

43 

!    * 

38 

28 
27 
35 
30 

8 

45 
55 

02 

73 
65 
70 
92 

Minnesota 

(Rochester .     ._  _ 

13t.  Cloud 

iWinona. _  

100 

Colorado  

1  Colorado  Springs 

i  Pueblo 

1110 

\i'\\  York 

All     places    from     15,000    to 

75,000. 
[Duluth 

100 

M  innesol  i   

New  Yoi  k 

101,403 
271,606 

I.St.  Paul 

All  places  over  75,000  except 
Buffalo    and    New    York 
Citj 

:  '''in  it 

100 

100 

Colorado 

2S7,  S61 
164,356 
578,  249 
573,  076 
6,  930,  446 

100 
100 

101) 

mo 
100 

M  innesota 

Minneapolis 

onsin.. 

Milwaukee 

\ew  York 

[Buffalo 

■  irk  City.... 

8  Data  for  Wisconsin  are  not  available  by  individual  cities  except  for  Milwaukee. 


Similar  studies  have  been  made  of  the  distribution  of 
travel  performed  on  the  other  highway  systems  of  the 
States  by  cars  owned  in  these  cities.  Characteristics 
similar  to  those  observed  in  table  23  are  plainly  dis- 
cernible. 

Study  of  the  travel  in  various  cities  indicates  that  but 
a  small  percentage  of  local  travel  in  large  cities  comes 
from  outside  the  city.  This  is  shown  in  table  24. 
In  each  of  these  large  cities  well  over  80  percent  of  the 
total  travel  on  their  streets  is  accounted  for  by  vehicles 
owned  in  those  cities. 

Table  24. — Approximate  source  of  travel  originating  within  the 
respective  States  and  performed  on  the  streets  of  selected  cities 


Percentage  of  total  State  travel  performed 
on  the  streets  of— 

Travel  originating  in — 

Denver 

Minne- 
apolis 

St.  Paul 

and 
Duluth 

Buffalo 

New 
York 
City 

Rural  areas...  --._-.      

Percent 
5 
3 
4 
1 
87 

Percent 
1 
2 
2 
1 
2 
92 

Percent 
4 
1 
3 

0) 

83 
9 

Percent 
5 
1 
3 
6 
2 
82 
1 

Percent 

2 

Places  under  2,500. 

(') 

Places  2,500-15.000 

3 

Places  15,000-75,000..      

1 

Places  75,000-400,000     . 

1 

Places  400,000-1,000,000     ..  . 

(') 

New  York  City 

93 

100 

100 

Total 

100 

100 

100 

1  Less  than  0.5  percent. 

BASIS  FOR  EQUITABLE  HIGHWAY  TAXATION  NEEDED 

It  appears  logical  to  assume  that  when  data  from 
other  States  become  available  it  will  confirm  the  indi- 
cations of  the  present  studies.  In  any  event  the  data 
will  make  it  possible  to  establish  more  definitely  the 
factors  controlling  the  source  and  distribution  of  travel 
within  a  State  by  its  resident  motor-vehicle  owners. 

Equally  interesting  is  the  summary,  shown  in  table 
25,  of  data  for  several  cities  arranged  in  descending 
order  of  percentage  of  population  of  the  State.  The 
relative  contributions  to  travel  and  highway  revenues 
are  indicated  for  each  city  or  group  of  cities.  The 
column  showing  the  percentage  of  total  State  popula- 
tion represented  by  each  city  or  group  has  been  in- 
cluded to  emphasize  the  remarkably  close  correlation 
with  columns  4  and  5. 

It  will  be  seen  that  with  the  exception  of  a  few 
cities,  the  trend  of  relative  contribution  to  travel  on 
the  State  highway  system  follows  the  population  trend 
of  the  cities  quite  closely.  The  most  pronounced 
difference  is  in  the  case  of  New  York  City  where  the 
picture  is  distorted  because  of  the  fact  that  so  much 
of  New  Yorker's  travel  outside  New  York  City  is  on 
the  highways  of  other  States.  Unless  the  New  Yorker 
goes  north  along  the  Hudson  River,  he  soon  crosses 
the  line  into  adjacent  States. 

Correlation  between  population  and  fiscal  contribu- 
tion by  the  residents  of  these  cities  to  the  State  highway 
system  is  extremely  close.  This  type  of  tabulation 
seems  particularly  valuable  in  setting  forth  the  relation- 
ships between  particular  cities  of  population  groups. 
Other  bases  than  that  of  population  might  well  have 
been  selected,  preferably  motor-vehicle  ownership  dis- 
tribution, but  the  population  base  appears  adequate  for 
showing  the  existing  relationships. 

These  observations  indicate  that  it  may  be  possible 
to  develop  factors  with  respect  to  the  influences  of 
population,   vehicle  concentration,   geographical  loca- 
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tion,  economic  conditions,  and  extent  of  the  highway 
system,  on  the  basis  of  which  reliable  estimates  may 
be  made  regularly  as  to  the  use  to  which  the  highway 
systems  are  being  put.  It  is  essential  that  such  factors 
be  developed  if  an  equitable  taxation  system  is  not  only 
to  be  established  but  also  maintained.  The  data 
shown  herewith  indicate  the  relationships  that  appear 
to  exist,  the  existing  sources  of  data  for  establishing 
equitable  tax  systems,  and  the  necessary  factors  that 
need  to  be  developed. 

Table  25. — Comparison  of  approximate  contributions  of  residents 
of  selected  cities  to  the  financial  support  of  their  State  highway 
systems  and  the  percentage  of  their  travel  occurring  on  those 
systems 


Percent- 
age of 
total 
annual 
travi  1 
on  State 
high- 
ways 
per- 
formed 
by  resi- 
dents of 
these 
cities 

Percent- 

Percent- 

l ercenl  - 

Pei 

cent- 
age  of 

l"t:il 

age  of 
total 

annual 
contribu- 
tions to 

age  of 

total 

annual 

State 

travel  by- 

age  of 

total 

annual 
highw  ay 
contribu- 
tions by 
residents 
of  these 

cities 
that  w  as 
expended 
on  State 
highways 

State 

City 

popu- 
lation 

in 
State 
in  1930 

State 
high- 
ways 
paid  by 
residents 
of  these 
cities 

residents 
of  these 
cities 
that  was 
on  State 
high- 
ways 

NTew  York._ 

New  York. 

55.1 

12 

35 

16 

20 

Colorado... 

I  lem  er 

27,  s 
19.7 

24 
14 

31 
19 

31'. 
35 

32 

Wisconsin.. 

Milwaukee 

46 

(Minneapolis 

18.1 

19 

22 

36 

44 

Minnesota.- 

{St.  Paul 

[Duluth 

}     14.6 

10 

15 

32 

40 

(Cities      75,000- 

9.  1 

13 

12 

48 

22 

New  York,. 

1     400,000. 
iCities      15,000- 
I     75,000. 

8.0 

14 

11 

54 

24 

Colorado... 

(Pueblo 

(Colorado  Springs.. 

}      8.0 

11 

8 

52 

33 

New  \  ork__ 

Bull'alo 

4.5 

5 

6 

34 

21 

Minnesota— 

Cities      15,000- 
75,000. 

3.1 

4 

3 

47 

"' 

It  is  probable  that  the  relationships  developed  in  the 
surveys  in  these  four  States  have  changed  somewhat 
since  the  studies  were  made.  It  is  believed,  however, 
that  these  relationships  have  remained  fairly  constant, 
though  total  travel  may  vary  considerably.  Further 
research  into  the  validity  of  the  relationships  discussed 
in  this  article  may  be  an  important  step  in  the  establish- 
ment of  an  equitable  highway  taxation  program  within 
any  given  State. 

Bearing  in  mind  the  various  factors  and  data  de- 
scribed above,  and  realizing  that  it  might  be  possible 
to  establish  a  highway  development  and  finance  pro- 
gram on  the  basis  of  adequate,  traffic,  inventory,  and 
fmancial-road-use  surveys,  it  should  be  remembered 
that  no  equitable  taxation  system  can  be  set  up  with 
only  the  factors  discussed  above  as  controls.  The 
determination  of  an  equitable  basis  of  taxation  for  any 
purpose  or  for  any  group  of  the  State  involves  a  thor- 
ough study  of  many  factors. 

It  might  be  contended  that,  because  the  residents  of 
a  given  city  may  account  for  30  percent  of  the  total 
travel  on  a  given  highway  system,  they  should  not  con- 
tribute more  than  30  percent  of  the  funds  necessary 
for  the  upkeep  of  that  system.  Wliile  this  analysis 
points  out  the  relationships  that  exist,  it  should  not  be 
inferred  that  these  considerations  alone  are  adequate 
for  the  establishment  of  a  sound  highway  fiscal  policy. 

Every  unit  of  society  within  the  State  is  benefited  by 
the  highway  system  in  ways  not  satisfactorily  measur- 
able by  present  methods.  For  example,  the  mainte- 
nance of  good  roads  within  a  fertile  agricultural  area 
may  make  possible  the  marketing  of  crops  and  produce 
in  urban  centers  that  would  not  otherwise  be  readily 


accessible.  Thus,  land  that  might  be  utilized  only  as  a 
subsistence  producer  because  of  inaccessibility  of 
markets  becomes  a  considerable  wealth  producer  when 
those  markets  are  made  available. 

In  a  similar  manner  it  is  impossible  to  measure  the 
value  of  the  services  that  urban  communities  receive 
from  roads  serving  them.  While  a  city  may.  on  the 
basis  of  road  use  alone,  account  for  only  2'j  percent  of 
the  travel  on  the  highway  system,  ami  may  contribute 
35  percent  of  the  funds  used  on  that  system,  as  yet  no 
method  has  been  devised  to  measure  the  benefits  de- 
rived because  the  highway  has  made  the  city  accessible. 

Several  cities  might  be  selected  in  the  States  studied 
where  a  good  highway  system  has  greatly  facilitated  the 
development  of  the  city  as  a  distributing  or  marketing 
center.  Highway  systems  have  led  to  the  development 
of  new  trading  areas  and  have  immeasurably  benefited 
the  cities  or  centers  so  affected. 

The  value  of  streets  within  cities  cannot  be  measured 
solely  by  the  traffic  using  them.  Even  more  than  in 
the  case  of  rural  roads,  they  serve  as  a  means  of  access 
to  property,  as  essentials  to  adequate  lire  protection, 
as  aids  to  health  and  sanitation,  as  thoroughfares  for 
utility  services,  and  in  very  crowded  areas  as  sources 
of  light  and  air  to  the  adjacent  property.  Conse- 
quently, it  appears  justifiable  that  a  substantial 
percentage  of  urban  street  expenditures  should  be  met 
out  of  property  taxation. 

Road-use  surveys  provide  a  means  of  evaluating 
one  of  the  most  important  factors  in  establishing  the 
proper  bases  of  rural  and  urban  taxation  lor  highway 
purposes.  It  would  be  highly  desirable  to  establish 
additional  means  of  evaluating  other  benefits  received 
by  virtue  of  the  construction  and  maintenance  of  our 
present  highway  systems.  Until  satisfactory  means 
can  be  developed,  the  most  nearly  equitable  approach 
appears  to  be  that  which  evaluates  one  of  the  most 
important  single  factors  in  determining  the  basis  of 
highway  finance — the  actual  use  of  the  existing  highway 
systems. 

CONCLUSIONS 

The  data  presented  in  this  analysis  summarize  the 
available  information  on  sources  of  vehicular  travel  in 
four  States,  make  possible  a  few  more  or  less  general 
conclusions,  and  suggest  the  direction  of  further  study 
necessary  for  the  correct  determination  of  a  satisfactory 
highway  financing  program. 

1.  Road-use  surveys  provide  suitable  and  necessary 
information  as  to  the  source  and  distribution  of  travel 
on  the  highway  systems  of  a  State. 

2.  The  proportion  of  funds  for  highway  purposes 
paid  by  rural  and  urban  residents  is  not  closely  corre- 
lated with  the  distribution  of  population  in  such  areas; 
the  proportion  of  funds  paid,  however,  is  somewhat 
closely  allied  to  vehicle  ownership. 

3.  In  a  comparison  of  the  four  States  studied,  there 
is  a  direct  relationship  between  the  density  of  registra- 
tion of  motor  vehicles,  the  volume  of  annual  travel, 
and  the  average  annual  expenditures  per  mile  of  road. 

4.  Little  relation  exists  between  the  relative  use  of 
the  respective  highway  systems  by  rural  and  urban 
residents  and  the  contributions  of  those  residents  for 
the  support  of  the  highways.  The  closest  relationships 
appear  to  exist  between  the  use  and  financing  of  State 
primary  highways. 

5.  Use  of  the  various  road  systems  by  urban  residents 
appears  to  vary  directly  with  the  location  and  size  of 
the  incorporated  place  in  which  the  travel  originates. 
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a.  Urban  residents'  travel  outside  their  cities  of 
domicile  is  almost  entirely  on  the  State  primary 
systems 

1).  The  secondary  and  local  rural  road  systems  are 
largely  used  by  those  vehicle-owners  resident  on  such 
routes 

c.  A  very  small  percentage  of  the  total  traffic  on 
city  streets  originates  outside  the  city,  though  this 
percentage  appears  to  increase  as  the  size  of  the  city 
decreases. 

d.  The  proportion  of  urban  residents'  travel  on  the 
primary  system  decreases  a-  the  size  of  the  place 
increases 

G.  The  relation  of  travel  distribution  to  the  situs  of 
motor-vehicle  ownership  and  size  of  the  places  or 
residence  of  motor-vehicle  owners  is  partially  affected 
by  factor-  of  geographical  location,  condition  of  the 
highway  system,  economic  conditions  of  the  com- 
munity, etc.,  whose  effects  are  as  yet  unmeasured 

7.  Until  other  factors  can  be  ascertained  the  results 
of  the  mad-use  surveys  provide  the  sole  criterion  upon 
which  equitable  and  adequate  highway  finance  pro- 
grams ran  be  established. 

The  questions  propounded  in  the  first  part  of  this 
analvsis    cannot    be    entirelv    answered    by    road-use 


surveys,  but  much  factual  data  can  be  obtained  to 
provide  a  working  basis  for  highway  tax  legislation  until 
complete  data  are  made  available. 


BIBLIOGRAPHY  ON  HIGHWAY  SAFETY  NOW 
AVAILABLE 

A  selective  bibliography  on  highway  safety  has 
recently  been  published  by  the  Bureau  of  Public  Roads 
of  the  United  States  Department  of  Agriculture  as 
Miscellaneous  Publication  No.  296. 

The  bibliography  includes  references  to  books, 
articles  printed  in  technical  and  other  priodieals,  and 
publications  of  societies.  It  covers  the  period  from 
L928  through  May  1937.  Since  1928  traffic  condition- 
have  changed  so  rapidly  that  prior  publications  are 
chiefly  of  historical  value. 

Librarians,  students,  and  research  workers  will  find 
this  publication  an  important  aid  in  locating  published 
material  on  highway  safety. 

Single  copies  of  Miscellaneous  Publication  No.  296 
can  be  obtained,  without  charge,  from  the  Division  of 
Publications,  United  States  Department  of  Agriculture, 
Washington,  D.  C. 
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AN  ACTION  PROGRAM  TO  ADVANCE 
SAFETY  ON  THE  HIGHWAYS' 

By  THOS.  H.  MacDONALD,  Chief,  United  States  Bureau  of  Public  Roads 


THE  ADVANCEMENT  of  safety  on  the  streets 
and  highways  of  the  nation  requires  definite  action 
on  many  fronts.  The  desirable  objective  for  the  year 
1938  is  a  vigorous,  concerted  movement  to  bring  into 
being  on  an  effective  scale  the  measures  and  methods 
which  the  present  knowledge  of  the  character  and 
scope  of  the  problems  sustains  as  a  sound  program. 
Perhaps  the  most  important  single  principle  developed 
during  the  year  just  closed  of  extensive  study  by  the 
Bureau  of  Public  Roads  and  the  Highway  Research 
Board  of  many  phases  of  this  subject  is  that  there  is 
no  single  cause  of  accidents.  Each  accident  i<  the 
result  of  causes  in  combination.  There  are  always 
present  more  than  a  single  element  and  the  number 
of  these  elements  that  can  and  do  contribute  to  acci- 
dents is  very  large. 

The  possible  number  of  combinations  of  these  ele- 
ments by  mathematical  calculation  produces  a  poten- 
tiality of  accidents  of  a  magnitude  beyond  conception. 
Probably  the  failure  of  the  lawmakers  to  recognize 
this  characteristic  of  multiple  contributing  elements 
in  each  accident  has  acted  as  a  powerful  deterrent  to 
more  effective  programs  of  accident  control.  Cer- 
tainly it  has  given  rise  to  serious  delays  in  formulating 
and  applying  sound  preventive  measures.  For  ex- 
ample, the  hope  that  a  single  panacea  exists  that  will 
stop  accidents,  although  utterly  absurd,  results  in  all 
sorts  of  cure-all  offerings,  many  of  them  from  so-called 
experts  or  near  experts. 

Since  there  is  no  single  cause  there  can  be  no  single 
panacea  for  accidents.  On  the  other  hand,  the  recog- 
nition by  the  courts  of  multiple  accident-contributing 
elements  has  resulted  adversely  to  the  imposition  of 
even  reasonable  penalties  upon  offenders  of  the  traffic 
laws.  Here  the  recognition  of  the  contributing  factors 
mitigates  to  the  point  of  allowing,  in  many  cases,  the 
offender  to  escape  without  price  the  most  serious 
infractions  of  the  law.  So  widespread  is  this  experi- 
ence as  to  lead  to  the  reasonable  conclusion  that  reli- 
ance for  any  great  assistance  in  accident  prevention 
does  not  lie  in  the  courts  as  they  are  now  operated  in 
the  field  of  traffic  regulation. 

Sufficient  recognition  has  not  as  yet  been  given  to 
the  fact  that  this  big  problem  of  street  and  highway 
safety  throws  upon  the  established  routine  and  tradi- 
tions of  the  courts  a  new  social  problem  of  tremendous 
dimensions  with  which  they  are  not  designed  to  cope 

1  Paper  presented  at  the  Thirty-fifth  Annual  Convention  of  the  American  Road 
Builders'  Association,  Cleveland,  Ohio,  January  17,  1938. 
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The  processes  of  the  courts  are  not  singled  out  for 
criticism  in  themselves  but  to  illustrate  the  failure  of 
society  as  a  whole  to  recognize  the  tremendous  dimen- 
sions of  the  street  and  highway  traffic  safety  problems 
and  to  provide  adequate  methods  and  organizations 
to  deal  with  these  problems  effectively. 

More  than  a  A^ear  ago  the  Congress  directed  the 
Bureau  of  Public  Roads  to  undertake  a  study  of  the 
problem  involved  and  to  submit  a  report.  Acting  in 
cooperation  with  the  Highway  Research  Board  the 
Bureau  has  produced  a  report,  or  rather  a  series  of 
reports,  dealing  with  the  following  subjects: 

1.  Nonuniformity  of  State  motor-vehicle  traffic  laws. 

2.  Skilled  investigation  at  the  scene  of  the  accident 
needed  to  develop  causes. 

3.  Inadequacy  of  State  motor-vehicle  accident  re- 
porting. 

4.  Official  inspection  of  vehicles. 

5.  Case  histories  of  fatal  highway  accidents. 
0.  The  accident-prone  driver. 

These  reports  have  all  been  transmitted  to  Congress 
and  are  being  printed  as  House  Document  No.  4(V2. 
By  acting  through  the  Highway  Research  Board  not 
only  the  previous  studies  which  had  been  made  by 
that  Board  were  available,  but  it  was  possible  to  secure 
the  assistance  of  the  individuals  who  were  already 
working  in  the  several  fields  of  investigation  and  who 
have  devoted  their  best  efforts  to  the  studies  and  the 
resulting  reports.  Further,  a  number  of  the  leading 
authorities,  representative  of  organizations  primarily 
concerned  in  the  traffic  safety  field,  served  as  an  ad- 
visory committee  to  make  suggestions  as  to  the  scope 
of  the  studies  and  the  production  of  the  report. 

It  is  not  the  purpose  of  this  paper  to  review  the  find- 
ings of  these  reports,  but,  on  the  basis  of  the  material 
developed,  to  propose  an  action  program  for  the  imme- 
diate future  and  to  iix  in  so  far  as  possible  the  re- 
sponsibility for  the  initiation  of  this  program.  Neither 
is  it  the  purpose  to  prove  by  the  use  of  statistical  ma- 
terial the  urgent  necessity  for  enlarging,  and  quicken- 
ing the  tempo  of,  sound  national  programs  directed 
toward  the  control  of  the  tragic  record  of  accidents  and 
fatalities.  A  responsible  attitude  of  good  citizenship 
and  intelligent  selfishness  places  the  road  builders  and 
road  building  industry  of  the  nation  behind  every 
effort  to  advance  the  cause  of  highway  safety. 

In  this  social  problem  already  grown  to  such  alarming 
dimensions  that  it  ranks  as  one  of  our  greatest  national 
problems,  while  most  of  the  implications  and  indica- 
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turns  are  discouraging,  there  is  one  important  encour- 
agement. Under  the  coordinating  influence  of  the 
Automotive  Safety  Foundation,  12  national  organiza- 
tions which  arc  most  intimately  and  directly  concerned 
with  traffic  safety  problems  have  united  in  accepting 
and  recommending  a  comprehensive  model  program 
for  each  State  to  increase  traffic  efficiency  and  to  reduce 
accidents.  This  program  brings  into  a  coordinate  en- 
tity the  elements  of  legislation,  motor-vehicle  admin- 
istration, enforcement,  engineering,  education,  training 
personnel,  and  research.  It  places  responsibility  for 
action  upon  the  governor,  the  State  officials,  and  the 
legislature  supported  by  a  nonofficial  organization  of 
civic  and  business  groups.  The  combination  of  official 
and  public  groups  is  conceived  to  constitute  the  State 
safety  organization.  With  this  program  the  Bureau  of 
Public  Roads  is  in  entire  accord  and  holds  it  to  be  in- 
dicated by  all  the  important  studies  and  researches 
which  have  been  made  in  this  Held. 

While  it  may  appear  to  the  public  at  large  that  in- 
adequate progress  is  being  made  in  advancing  the  cause 
of  highway  safety,  it  certainly  holds  promise  of  a 
greatly  accelerated  rate  of  progress  that  all  the  most 
important  organizations  engaged  in  this  field  have 
agreed  upon  the  program  most  needed  and  have  joined 
their  efforts  toward  the  common  end  of  making  the 
program  effective  upon  a  national  scale.  The  effort 
of  this  paper  therefore  is  to  reduce  to  concrete  terms 
the  necessary  steps  to  be  taken  and  in  so  far  as  possible 
to  suggest  tin1  responsibility  of  initiation  of  the  com- 
ponent parts  of  the  program.  Only  by  action  on  a 
national  scale  can  even  reasonable  progress  be  made  in 
the  reduction  of  accidents  and  in  the  freeing  of  our 
streets  and  highways  from  hazards  to  permit  the  enjoy- 
ment of  their  convenience  and  service. 

To  carry  into  effect  the  existing  knowledge  in  the 
field  of  accident  prevention,  the  following  eight-point 
program  is  submitted.  It  is  not  intended  to  include 
all  of  the  steps  that  will  be  necessary,  but  it  does  pro- 
vide a  sound  foundation  for  traffic  control  and  regula- 
tion in  the  interests  of  traffic  safety.  Neither  are  the 
elements  of  this  program  independent  but  on  the  con- 
trary they  are  inter-dependent,  and  to  an  extent  over- 
lapping. Several  of  these  which  are  important  parts 
of  others  are  given  individuality  for  the  purpose  of 
emphasis.     The  action  program  recommended  follows: 

1.  Uniform  State  motor-vehicle  traffic  laws. 

2.  Skilled  investigation  of  traffic  accidents. 

3.  The  establishment  of  a  uniform  system  of  acci- 
dent reporting. 

4.  The  establishment  of  an  adequate  highway  patrol 
including  the  official  inspection  of  vehicles. 

;").  The  establishment  of  complete  and  final  authority 
over  the  issuance  and  revocation  of  drivers'  licenses. 

6.  A  highway  improvement  program  divided  into 
two  general  classes  of  projects: 


a.  Those  of  the  emergency  type. 

b.  Those  for  the  long-time  plan. 

7.  A  plan  of  State  and  Federal  safety  organization 
adequate  to  secure  on  a  wide  scale  the  adoption  and 
enforcement  of  the  action  program  here  proposed. 

8.  A  national  educational   program. 

The  scope  of  each  element  of  this  program  is  indicated 
but  not  intended  to  be  fully  developed  in  this  discussion. 

1.  Uniform  State  motor-vehicle  traffic  laws. — This  sub- 
ject has  received  long  and  careful  attention.  Through 
the  organized  effort  of  the  National  Conference  on 
Street  and  Highway  Safety  a  series  of  five  proposed 
model  laws  were  drafted  and  have  been  widely  dis- 
tributed. While  a  considerable  number  of  States  have 
adopted  these  laws  in  whole  or  in  part  there  yet  remains 
a  serious  nonuniformity  in  the  major  principles  wdiich 
affect  highway  safety.  It  is  not  proposed  that  the 
motor-vehicle  laws  must  be  identical  in  every  detail, 
but  they  must  be  in  those  matters  which  even  remotely 
affect  the  safety  of  motor-vehicle  operation.  The  driv- 
ing habits  of  individuals  tend  to  become  fixed,  and  par- 
ticularly in  times  of  stress  or  emergency  the  reactions 
are  involuntary.  Now  that  the  traffic  between  com- 
munities and  between  States  has  become  universal  the 
necessity  for  replacing  uncertainty  of  the  law  with  cer- 
tainty is  self  apparent.  The  necessity  for  drivers  know- 
ing that  they  do  not  face  new  traffic  laws  or  conditions 
when  they  cross  State  borders  cannot  be  denied.  But 
the  existing  condition  is  much  more  serious  than  this  as 
indicated  in  these  examples: 

Eight  States  do  not  require  that  all  motor-vehicle 
operators  be  licensed. 

Two  States  fail  to  provide  a  minimum  age  limit  for 
the  driving  of  a  motor  vehicle. 

Fourteen  States  permit  the  operation  of  motor 
vehicles  by  minors  14  or  15  years  old. 

Twenty-two  States  do  not  prohibit  the  issuance  of 
drivers'  licenses  to  habitual  drunkards  or  narcotic 
addicts. 

Twenty-four  States  do  not  prohibit  the  issuance  of 
drivers'  licenses  to  those  afflicted  with  mental 
disabilities. 

Only  11  States  require  drivers  to  be  able  to  read 
highway  warning  signs  printed  in  English. 

In  (i  States  which  do  require  the  licensing  of 
motor-vehicle  operators,  no  examination  or  test 
is  included  as  a  prerequisite  to  the  issuance  of 
such  license,  and  in  5  others  the  applicants  may 
be  examined  only  when  the  official  issuing  the 
license  suspects  they  are  unfit  to  drive. 

Only  30  States  require  every  applicant  for  a  driver's 
license  to  be  examined  for  competency  and  in 
these  the  examination  varies  widely. 

Only  8  States  require  a  test  of  vision,  15  a  knowl- 
edge of  traffic  laws. 
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Unquestionably  there  should  he  a  strict  uniform 
license  law  permitting  licenses  to  be  issued  only  after 
a  competent  examination  including  tests  of  vision, 
ability  to  read  traffic  signs,  knowledge  of  traffic  laws, 
and  demonstration  of  ability  to  operate  the  vehicle. 

In  only  27  States  has  there  been  adopted  a  manual  of 
uniform  traffic  control  devices.  The  rules  of  the  road 
governing  the  operation  of  vehicles  upon  the  highway 
vary  so  greatly  from  State  to  State  that  confusion  is 
inevitable.  Nine  States  do  not  require  vehicles  to  be 
driven  to  the  right  of  the  highway  at  all  times.  Six 
States  do  not  provide  that  passing  must  be  on  the  left 
of  the  overtaken  vehicle.  Passing  on  curves  is  specifi- 
cally prohibited  in  36  States  and  on  the  crest  of  hills  in 
35  States,  at  intersections  with  other  highways  in  34 
States.  The  provisions  with  respect  to  the  equipment 
of  motor  vehicles  and  physical  characteristics  such  as 
length,  width,  and  height,  have  a  wide  variation  with 
many  inconsistencies. 

Further  discussion  of  this  point  is  hardly  necessary  to 
indicate  the  fundamental  necessity  of  a  uniform  motor- 
vehicle  law  between  the  States  in  the  interests  of  safety. 
The  only  possibility  of  providing  for  this  part  of  the 
action  program  lies  in  the  adoption  by  the  State  legis- 
latures of  the  necessary  uniform  laws.  A  guide  to  the 
points  of  divergence  from  the  uniform  code  will  be 
found  in  the  bulletin  Xonuniformity  of  State  Motor- 
Vehicle  Traffic  Laws  that  is  available  for  distribution 
by  the  Bureau  of  Public  Roads. 

2.  Skilled  investigation  of  traffic  accidents. — An  intelli- 
gent attack  on  the  highway  accident  situation  must  de- 
pend upon  two  details  which,  while  simple  in  concept, 
are  not  easy  of  achievement.  There  must  be  informa- 
tion as  to  the  circumstances  under  which  each  accident 
occurs,  and  there  must  be  sufficient  analysis  to  record 
where,  and  the  manner  in  which,  accidents  are  happen- 
ing repeatedly.  Accident  data  are  essential  to  an  in- 
telligent and  efficient  police  enforcement  program 
within  the  urban  districts,  and  the  highway  patrol  can 
provide  important  information  in  the  rural  districts. 
Within  the  urban  areas  the  establishment  of  especially 
trained  squads  which  are  ready  on  call  to  investigate  each 
accident  without  loss  of  time  is  essential.  It  may  not  be 
practicable  at  once  to  establish  accident  squads  in  the 
rural  police  organization  sufficiently  extensive  to  in- 
vestigate all  accidents,  but  it  is  possible  to  establish  a 
number  of  special  accident  squads  and  to  train  each 
member  of  the  highway  patrol  in  the  correct  procedure 
to  investigate  and  to  report  accidents  so  that  a  high 
general  level  of  accuracy  in  reporting  may  be  attained. 

So  long  as  we  depend  for  accident  data  on  ex  parte 
information  and  make  inadequate  provision  for  the  se- 
curing of  reliable  and  disinterested  reports,  just  so  long 
will  our  knowledge  of  the  facts  be  insufficient  and  open 
to  question.  It  will  not  be  possible  to  secure  impressive 
accident  reduction  until  it  is  recognized  that  every 
accident  is  the  resultant  of  a  number  of  causes  and  cir- 


cumstances in  the  absence  of  any  one  of  which  the  acci- 
dent would  not  have  occurred  or  would  have  had  differ- 
ent consequences.  No  contributing  cause  is  so  unim- 
portant that  it  may  be  overlooked  or  dismissed.  That 
only  a  beginning  has  been  made  in  this  field  in  a  very 
few  States  is  convincingly  revealed  by  the  analysis  pre- 
sented in  the  case  histories  of  the  fatal  highway  acci- 
dents published  by  the  Bureau  of  Public  Roads.  Cer- 
tainly the  establishment  of  a  complete  system  of  acci- 
dent investigation  and  reporting  will  require  much  more 
adequate  organization  than  now  exists  but  the  cost  will 
be  small  in  comparison  with  the  losses  in  life  and 
property. 

3.  The  establish  mi  nt  of  a  uniform  system  of  accident 
reporting. — The  uniform  reporting  of  accidents  is  par- 
tially covered  by  the  preceding  discussion,  but  requires 
in  addition  the  adoption  of  a  national  standard  form. 
Much  work  lias  been  done  upon  the  formulation  of  such 
a  form  by  the  National  Safety  Council,  the  Bureau  of 
the  Census,  and  others,  and  further  work  is  now  in 
progress.  It  is  essential  that  the  terms  be  clearly 
defined,  and  the  statistical  methods  employed  give 
accurate  results.  In  the  studies  made  by  the  Bureau 
of  Public  Roads  and  the  Highway  Research  Board  the 
lack  of  accurate  and  sufficient  statistical  data  relating  to 
accidents,  even  those  involving  fatalities,  was  an  in- 
superable obstacle  in  the  production  of  a  more  determi- 
nate report.  For  example,  the  national  reports  of 
motor-vehicle  fatalities  are  divided  between  urban  and 
rural  on  the  basis  that  urban  accidents  are  those  in 
cities  of  10,000  and  upwards,  and  all  others  are  classified 
as  rural.  Taking  into  consideration  the  fact  that  a 
very  large  percent  of  the  total  population  lives  in  places 
of,  say,  1,500  to  f 0,000  people,  it  is  inevitable  that  a 
large  percentage  of  fatalities  reported  in  the  rural  cate- 
gory actually  involve  urban  and  not  rural  conditions. 
This  probable  discrepancy  is  further  accented  by  the 
fact  that  so  large  a  percentage  of  fatal  accidents  involve 
pedestrians.  It  is  apparent  that  effective  efforts  to 
combat  accidents  are  utterly  dependent  upon  accurate 
and  complete  statistical  data. 

4.  The  establishment  of  an  adequatt  highway  patrol 
including  the  official  inspection  of  vehicles. — In  most  of 
the  States  the  highway  patrol  organization  for  the  rural 
districts,  and  in  most  of  the  cities,  the  traffic  police,  are 
wholly  inadequate  in  numbers  and  equipment  to  patrol 
the  mileage  over  which  there  is  appreciable  traffic. 
This  condition  of  inadequacy  in  numbers  is  further 
aggravated  by  the  addition  of  so  many  miscellaneous 
duties  that  too  little  time  is  left  for  patrol  work.  The 
most  complete  code  of  motor-vehicle  laws  is  of  little 
avail  unless  there  is  proper  enforcement.  An  increase 
in  the  number  of  trained  patrolmen  in  every  State  is 
necessary. 

Only  23  States  now  provide  for  the  periodical  inspec- 
tion of  motor  vehicles,  but  all  of  these  do  not  include 
all  types.     The  inspection  laws  vary  in  detail  but  are 
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uniform  in  the  attempt  to  prevent  the  operation  of 
mechanically  defective  vehicles.  The  establishment  of 
inspection  requirements  for  the  safe  mechanical  con- 
dition of  motor  vehicles  and  their  continuous  enforce- 
ment is  an  important  "must"  in  the  action  program. 

5.  The  establishment  oj  complete  and  final  authority 
over  the  issuance  and  revocation  oj  drivers'  licenses. — In 
the  development  of  this  discussion  the  importance  of  t  he 
official  charged  with  the  administration  of  the  motor- 
vehicle  laws  must  be  more  and  more  apparent.  The 
lack  of  essential  laws  in  a  large  number  of  States  fixing 
the  qualifications  of  those  who  are  permitted  to  operate 
motor  vehicles  upon  the  public  ways  has  been  recorded. 
The  disclosures  in  the  bulletin  upon  the  accident-prone 
driver  sustain  the  conclusion  that  the  motor-vehicle 
administrator  must  have  authority  to  suspend  or  revoke 
the  license  of  operators,  and  that  this  power  must  be 
exercised.  The  discretionary  authority  to  revoke 
licenses  should  by  law  be  obligatory  action  in  the  more 
serious  offenses.  Thirty  States  now  require  that  a 
license  be  revoked  for  conviction  of  manslaughter;  36 
States,  for  driving  while  under  the  influence  of  intoxi- 
cants; 3f  States,  for  failure  to  stop  after  an  accident; 
and  25  States,  for  reckless  driving.  Certainly  these 
offenses  justify  the  revocation  of  licenses  in  each  State. 

But  the  fact  of  the  existence  of  the  accident-prone 
driver,  which  is  now  established  beyond  reasonable 
doubt,  justifies  the  suspending  or  revoking  of  licenses 
for  much  less  grave  offenses  than  these  enumerated. 
Twenty-three  States  have  recognized  this  by  providing 
discretion  to  suspend  or  revoke  for  habitual  recklessness 
or  negligence,  22  States  provide  the  same  discretionary 
authority  to  revoke  the  license  of  drivers  involved  in  a 
serious  accident,  and  11  States  for  any  sufficient  cause. 
The  recognition  of  the  responsibility  resting  upon  the 
individual  driver  for  accident  prevention  so  far  out- 
weighs any  other  consideration  that  a  sound  action 
program  must  include,  as  the  most  effective  weapon  of 
society  in  attacking  the  problem  of  accident  prevention, 
the  generally  exercised  power  to  revoke  drivers'  licenses 
for  infraction  of  the  traffic  laws. 

6.  .1  highway  improvement  program  divided  info  two 
genera/  classes  of  projects:  (a)  Those  of  the  emergency  type, 
and  (b)  those  for  the  long-time  plan. — This  year  the  State- 
wide transport  surveys  carried  on  in  cooperation  be- 
tween the  State  highway  departments  and  the  Bureau 
of  Public  Roads  will  begin  to  reach  usable  form.  There 
will  be  available  for  the  first  time  in  any  State  complete 
information  as  to  the  types  and  conditions  of  highways, 
the  amount  and  character  of  use,  and  all  other  informa- 
tion which  can  conceivably  have  a  direct  relationship 
to  the  safe  use  of  the  highways. 

The  extent  to  which  highway  conditions  enter  as  a 
contributing  factor  into  more  serious  accidents  is  un- 
known and  to  an  extent  indeterminate.  Much  that  has 
been  said  in  criticism  of  highway  conditions  confuses 
the  fundamental  issues  of  highway  safety  and  highway 


capacity  measured  by  speed  and  number  of  units. 
Between  1925  and  1936  highway  usage  measured  in 
terms  of  gasoline  consumption  increased  by  an  esti- 
mated amount  of  110  percent,  while  registration  in 
numbers  of  units  increased  42  percent.  The  gas  con- 
sumption per  registered  vehicle  has  increased  just 
under  50  percent.  From  these  facts  it  is  apparent 
that  motor  vehicles  are  being  used  on  a  steadily  in- 
creasing rate,  per  average  unit,  and  even  with  these 
increases  the  rate  of  accidents  measured  in  miles  of 
vehicle  operation  shows  a  decrease. 

With  the  definite  facts  of  the  public  use  of  highways 
in  every  community  of  the  nation,  it  is  readily  apparent 
that  the  providing  of  safer  highways  must  be  through 
the  elimination  over  large  mileages  of  those  conditions 
which  to  the  best  of  our  knowledge  are  most  likely  to 
be  contributory  factors  in  accidents.  This  is  the  key- 
note to  the  emergency  program  which  should  be  put 
into  effect  determined  by  the  data  of  the  transport 
surveys.  As  an  illustration  of  the  type  of  work  in- 
cluded— a  rechecking  of  the  system  of  warning  signs 
and  signals,  the  relocating  of  these  to  fit  the  generally 
increased  speed,  the  elimination  of  unnecessary  signs, 
the  marking  of  all  curves  with  safe  driving  speeds  if 
below  the  legal  limits,  the  correction  of  sight  distances 
particularly  at  intersecting  roads,  and  the  widening 
and  maintenance  of  shoulders. 

The  increased  operating  speeds  demand  wider  roads 
and  the  narrower  widths  which  were  reasonably  safe 
for  speeds  of  a  few  years  ago  must  be  supplemented 
by  nonskid  material,  the  shoulders  widened,  slopes 
flattened,  and  deep  ditches  eliminated.  For  the  long- 
time, program,  particularly  for  new  multiple-lane  roads, 
all  the  accepted  elements  of  safe  design  to  permit  con- 
tinuous safe  traffic  flow,  including  the  division  of 
opposing  lanes  by  a  neutral  area  and  the  elimination 
of  cross  traffic,  should  be  provided.  Separation  of 
grades  between  the  railroads  and  important  intersect- 
ing highways  must  be  a  first  consideration. 

7.  A  plan  oj  State  and  Federal  sajety  organization 
adequate  to  secure  on  a  wide  scale  the  adoption  and  en- 
jorcement  oj  the  action  program  here  projwsed. — Just  how 
the  Federal  Government  fits  into  the  general  scheme 
of  an  adequate  traffic  safety  organization  is  not  clear 
beyond  debate,  but  there  are  considerations  of  public 
policy  which  prompt  the  suggestion  that  no  wholly 
new  board,  commission,  or  other  Federal  authority  is 
desirable.  To  be  effective,  such  a  Federal  organiza- 
tion would  have  to  duplicate  organization,  authority, 
and  operations  now  lodged  in  some  Federal  department. 
There  is  need  for  a  correlation  of  the  Federal  activities 
and  relationships  between  the  Federal  departments 
themselves,  and  between  the  Federal  Government  and 
the  States  in  both  the  official  and  public  aspects.  A 
plan  of  Federal  organization  that  can  be  made  effective 
at  once  and  make  use  of  the  going  operations  of  the 
(Continued  on.  page  51 ) 
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AN  AUTOMATIC  RECORDER  FOR  COUNTING 

HIGHWAY  TRAFFIC 

Reported  by  R.  E.  CRAIG,  Junior  Highway  Engineer,  Division  of  Highway  Transport,  United  States  Bureau  of  Public  Roads 


IN  PREPARING  the  initial  plans  for  the  State- 
wide highway  planning  surveys  now  being  eon- 
ducted  by  the  highway  departments  of  43  States  in 
cooperation  with  the  Bureau  of  Public  Roads,  it  was 
realized  that,  in  order  to  obtain  anything  like  complete 
traffic  data  for  the  entire  rural  mileage,  counts  on  a 
large  part  of  this  system  must  be  made  on  a  limited 
schedule;  and  it  was  believed  that  continuous  records 
showing  typical  traffic  patterns  would  be  invaluable 
in  estimating  traffic  from  these  short  counts.  In 
addition,  these  records  were  needed  to  provide  a  basis 
for  analyzing  various  daily,  weekly,  seasonal,  and  other 
traffic  patterns  in  determining  the  relative  reliability 
of  various  methods  of  sampling  traffic.  The  need  of  a 
better  basis  than  had  previously  existed  for  predicting 
future  traffic  was  still  another  reason  for  obtaining  con- 
tinuous records.  However,  the  cost  of  obtaining  such 
records  by  manual  counts  was  so  great  that  their  accu- 
mulation, except  in  a  few  experimental  operations, 
could  not  be  justified  by  the  value  of  the  results. 

Before  the  first  State-wide  highway  planning  surveys 
were  begun  late  in  1935,  sporadic  efforts  had  already 
been  made  to  develop  a  counting  and  recording  machine 
which  would  supply  traffic  records  economically.  The 
immediate  need  for  this  equipment  in  conducting  high- 
way planning  surveys  lent  sufficient  impetus  to  these 
efforts  to  make  possible  the  construction  of  a  satis- 
factory model  in  the  fall  of  1935. 

The  real  problem  in  constructing  a  satisfactory  auto- 
matic traffic  recorder  was  the  development  of  a  reliable 
means  of  detecting  the  passage  of  vehicles,  preferably 
some  method  which  would  not  involve  the  use  of  a 
detector  pad  laid  on  the  surface  or  inset  in  the  pave- 
ment, and  which  could  be  produced  and  operated  at 
reasonable  cost. 

After  investigation  of  available  equipment  and 
detailed  consideration  of  a  number  of  suggested  methods 
it  was  concluded  that  the  most  practical  method  for 
detecting  the  passage  of  a  vehicle  at  permanent  instal- 
lations was  the  adaptation  of  the  photoelectric  cell. 
This  cell  is  based  on  the  principle  that  the  conductivity 
of  certain  elements  is  proportional  to  the  amount  ot 
light  falling  on  the  element.  Photoelectric  equipment 
for  counting  purposes  had  been  in  use  for  a  sufficient 
length  of  time  to  demonstrate  its  efficiency  and  relia- 
bility under  controlled  conditions. 

The  recorder  developed  was  designed  to  count  passing 
vehicles  without  counting  pedestrians.  This  was  done 
by  using  two  parallel  beams  of  light,  approximately  30 
inches  apart,  directed  across  the  roadway  upon  photo- 


electric cells.  A  standard  photoelectric  relay  unit  is 
designed  as  a  switch  to  be  operated  by  the  simultaneous 
interruption  of  both  light  beams.  This  switch  (the 
counter  relay)  operates  the  contact  which,  in  turn, 
controls  and  operates  the  counting  circuit.  Pedestrians 
normally  interrupt  only  one  beam  at  a  time  and  are 
not  recorded. 

The  photoelectric  tubes  are  very  sensitive  and  can 
be  adjusted  to  record  vehicles  passing  at  high  speeds. 
The  machine  is  designed  to  count  as  many  as  24,000 
interruptions  of  the  light  beams  per  hour.  Infrared 
ray  filters  were  installed  in  the  light  source  to  render  the 
beams  practically  invisible,  thus  eliminating  hazard  and 
annoyance  to  passing  drivers.  Figures  1  and  2  show- 
one  of  the  types  of  photoelectric  automatic  traffic 
recorders  being  used  in  the  highway  planning  surveys. 
Two  types  of  automatic  recorders  are  shown  in  figure  3. 

The  recording  mechanism  is  designed  to  print  on 
standard  adding  machine  tape  once  every  hour,  record- 
ing the  day,  hour,  and  minute,  and  the  cumulative 
traffic  total.  Figure  4  shows  a  sample  section  of  tape. 
The  number  of  vehicles  passing  each  hour  is  obtained 
by  subtracting  each  total  from  the  succeeding  total. 
Postmeridian  time  is  indicated  by  a  dash  under  the 
hour.  The  recorder  is  timed  by  a  self-starting  syn- 
chronous motor  of  the  type  used  in  electric  clocks. 

The  recording  or  printing  circuit  is  designed  so  that 
if  the  current  fails,  the  recorder  will  stamp  automatically 
the  time  of  the  failure  and  the  cumulative  counter 
reading.  In  case  the  recorder  clock  is  found  to  be  slow 
upon  inspection,  the  time  at  which  the  power  failure 
occurred  is  recorded  and  the  proper  corrections  can  be 
made  to  the  record  if  there  has  been  only  one  interrup- 
tion of  current. 

INSTALLATION   OF  TRAFFIC  RECORDER  DESCRIBED 

Manufacturers  can  supply  machines  with  auxiliary 
mechanical  clocks  to  keep  the  equipment  on  time  in 
the  event  of  power  failures.  However,  the  dependa- 
bility of  the  power  supply  even  on  rural  installations 
has  proved  to  be  such  that  the  additional  cost  of  this 
equipment  has  rarely  been  considered  justified. 

The  recorders  now  being  used  count  and  record  the 
total  number  of  vehicles  passing  the  point  at  which  they 
are  installed.  However,  they  can  easily  be  adapted  to 
count  and  record  only  vehicles  proceeding  in  one  direc- 
tion. This  can  be  accomplished  by  adding  relays  that 
will  permit  electrical  impulses  to  be  sent  to  the  counting 
mechanism  only  when  the  beams  of  light  are  inter- 
rupted in  the  proper  order. 
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Figure    1. — -Recording   and   Printing   Apparatus  in  One   Type  of  Automatic  Traffic   Recorder. 


Figure  2. —  Inspecting   a   Record  Tape   Removed  From 
a    Recorder. 


Figure  3. — Two  Types  of  Automatic  Traffic  Recorders. 

In  the  early  experimental  work,  an  effort  was  made 
to  count  trucks  and  busses  independently  of  the  total 
traffic  by  placing  a  third  light  beam,  operating  an 
independent  counter,  at  a  sufficient  height  above  the 
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roadway  to  clear  the  tops  of  passenger  cars.  Satis- 
factory results  were  not  obtained  with  this  unit,  how- 
ever, because  a  large  number  of  light  trucks  are  ap- 
proximately the  same  height  as  passenger  cars  and 
were  not  recorded;  in  addition,  an  appreciable  number 
of  passing  trucks  were  found  to  be  so  loaded  that  each 
registered  two  or  three  times.  The  count  obtained 
with  this  device  was  not  accurate  and  the  third  beam 
was  not  incorporated  in  the  final  design  of  the  recorder. 
No  serious  effort  has  since  been  made  to  develop  a 
traffic  counter  that  will  record  trucks  and  busses  inde- 
pendently, as  sufficiently  accurate  estimates  of  the 
percentage  of  truck  and  bus  traffic  are  ordinarily  ob- 
tainable by  making  short  manual  counts. 

The  traffic  counter  operates  on  single-phase,  1 10-volt, 
60-cycle  alternating  current  and,  therefore,  is  usually 
installed  near  electric  transmission  lines  supplying  such 
power  and  where  there  is  little  likelihood  of  current 
failure.  Installations  are  usually  made  away  from 
built-up  sections,  especially  schoolhouses,  where  there 
is  likely  to  be  a  grouping  of  pedestrians.  Groups  of 
pedestrians  will  frequently  interrupt  both  light  beams 
simultaneously,  resulting  in  extra  counts.  The  number 
of  under-counts,  resulting  when  two  vehicles  pass 
simultaneously  in  front  of  the  recorder  and  are  recorded 
as  one  vehicle,  is  reduced  by  selecting  a  location  where 
there  is  little  chance  of  vehicles  traveling  in  the  same 
direction  passing  each  other,  as  at  a  narrow  section  of 
the  road,  on  the  top  of  a  hill,  or  on  a  curve.  Installa- 
tions on  3-lane  roads  have,  as  a  rule,  been  made  only 
at  points  at  which  vehicles  proceeding  in  the  same 
direction  are  prohibited  from  passing.  Satisfactory 
results  on  4-lane  roads  have  been  obtained  where  the 
opposing  lanes  of  traffic  are  divided  and  the  recorders 
are  installed  to  count  traffic  moving  in  one  direction 
only. 

Figure  5  illustrates  a  typical  installation  for  recorders 
in  ordinary  locations.  The  light  source  and  recording 
unit  are  mounted  so  that  the  light  beams  make  an 
angle  of  approximately  23°  with  a  line  transverse 
to  the  roadway.  By  installing  the  equipment  at  a 
skew  with  the  roadway,  the  projection  of  the  light 
beam  on  a  vehicle  is  such  that  it  will  not  permit  the 
beam  to  pass  between  the  body  of  the  vehicle  and 
protruding  equipment,  such  as  trunks  or  spare  tires. 
This  eliminates  a  number  of  extra  counts  that  would 
be  caused  by  the  interruption  of  the  light  beams  by 
accessories  if  the  beams  were  directed  perpendicular  to 
the  centerline  of  the  roadway.  Experience  has  demon- 
strated that  the  proper  height  of  the  light  beams  above 
the  roadway  is  approximately  3  feet  8  inches.  At 
this  height  the  beams  do  not  pass  through  the  windows 
of  passenger  cars,  nor  do  they  pass  under  trucks  of 
ordinary  design.  When  installed  on  curves  the  beams 
should  be  parallel  to  the  superelevated  surface.  The 
specifications  under  which  recorders  have  been  pur- 
chased require  that  the  equipment  operate  satisfactorily 
with  a  distance  between  the  light  source  and  receiving 


unit  of  50  feet,  and  this  is  usually  the  maximum  distance 
for  field  installations.  However,  the  equipment  has 
operated  satisfactorily  at  distances  considerably  in 
excess  of  50  feet. 

The  recorder  and  light  source  are  mounted  on  posts 
consisting  of  4-inch  pipe  set  in  concrete  to  a  depth  of 
3  feet  below  the  surface  of  the  ground.  The  concrete  is 
cast  around  a  mold  slightly  larger  than  the  pipe's 
outside  diameter,  and  after  the  concrete  has  set,  the 
pipe  is  slipped  into  the  hole  and  properly  secured. 
Wedges  are  used,  if  necessary,  to  assure  rigidity.  In 
some  instances,  pipe  standards  having  threaded  joints 
at  the  ground  level  have  been  used.  The  advantage  of 
these  methods  is  that  the  equipment  can  be  easily 
moved  to  a  new  location  when  desirable. 
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Figure  4. — Section   of   Record   Tape   From   an  Automatic 
Traffic    Recorder. 

A  box  containing  a  meter,  fuses,  and  master  switch,  is 
attached  to  the  power  line  pole.  Connections  are  made 
from  the  master  switch  to  the  equipment,  wires  being 
run  inside  the  pipe  supports  wherever  possible.  If  the 
cross  connections  are  carried  over  the  roadway,  care  is 
taken  to  place  them  a  safe  height  above  the  road.  In 
installing  cross  connections,  advantage  has  been  taken 
of  any  ready  means  of  carrying  the  connections  under 
the  roadway,  such  as  through  a  culvert  or  underneath  a 
bridge.  All  exposed  wires  are  carried  in  waterproof 
conduits.  Figure  6  shows  a  typical  automatic  recorder 
installation. 
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Figure  5. — Typical  Arrangement  of  Equipment  in  Installing  Automatic  Traffic  Recorders. 


Figure  6. — Automatic  Traffic   Recorder  Installation*   in  Michigan.     Note  Guard  Posts  to  Protect  Recorder  From 

Traffic. 
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Experience  indicates  that  it  is  advisable  to  pro  tec  I 
automatic  recorders  by  installing  them  behind  existing 
guard  rails  or  natural  barriers.  Otherwise,  it  has  been 
found  necessary  to  install  special  guard  rails  to  prevent 
damage  to  them. 

MANY  DIFFICULTIES  OVERCOME  IN  OBTAINING  SATISFACTORY 
PERFORMANCE 

At  the  time  the  majority  of  the  automatic  recorders  in 
use  in  the  planning  surveys  were  installed,  knowledge 
of  the  performance  of  photoelectric  equipment  was 
limited  largely  to  those  who  had  done  development 
work  with  them.  Although  the  equipment  was  know  n 
to  be  affected  by  stray  light  and  the  intensity  of  the 
ligbt  beams  directed  on  the  photoelectric  cells,  many 
unanticipated  difficulties  were  encountered. 

One  of  the  first  problems  was  the  abnormally  shorl 
life  of  lamp  bulbs  in  the  light  sources  of  several  instal- 
lations. For  no  apparent  reason  the  lamp  bulbs  in 
these  installations  failed  to  give  a  reasonable  length  of 
service.  Investigation  led  to  the  discovery  that  the 
voltage  being  supplied  was  in  some  instances  as  much 
as  20  or  30  volts  above  the  required  1  10  volts.  Un- 
timely lamp  failures  were  eliminated  either  by  requiring 
the  power  company  to  supply  the  proper  voltage  or  by 
installing  resistance  coils  in  the  light  source  to  reduce 
the  voltage  supplied  to  the  lamps. 

At  different  periods  through  the  day  machines  would 
sometimes  fail  to  count  traffic  or  would  record  a  large 
number  of  vehicles  when  only  a  few  had  passed  the 
recorder.  Apparently  the  trouble  was  nol  caused  by 
stray  light,  as  a  number  of  these  failures  were  occurring 
at  night.  The  trouble  was  corrected  when  methods  of 
focusing  the  light  beams  were  improved  and  the  size  of 
lamp  bulbs  used  in  the  lamp  source  was  increased  from 
32  to  50  candlepower. 

In  instances  where  insufficient  light  reached  the 
elements  because  of  condensation  of  moisture  on  the 
inside  of  the  lenses  in  the  receiving  unit,  heating  ele- 
ments were  installed  or  a  deliquescent  substance  was 
placed  back  of  the  lens  to  absorb  moisture.  These 
measures,  however,  did  not  completely  solve  all  of  the 
problems,  as  some  recorders  still  performed  erratically. 
A  study  of  the  conditions  under  which  (he  recorders 
were  operating  revealed  that  intermittent  opera  I  ion 
was  now  confined  largely  to  machines  operating  under 
weather  conditions  that  produced  high  humidity. 
Moisture  was  collecting  around  the  base  of  the  photo- 
electric tubes,  causing  a  leakage  of  current  that  resulted 
in  erratic  operation  of  the  counter.  To  eliminate  this 
leakage,  heaters  were  installed  to  keep  the  base  of  the 
tubes  dry.  In  extreme  euses,  connections  were  coated 
with  beeswax  to  insulate  exposed  surfaces  and  prevent 
current  leakage. 

Although  stray  light  and  humidity  produce  the  same 
type  of  counting  failures  as  insufficient  light,  adjust- 
ment of  the  photoelectric  equipment  must   be  carefully 
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made,  or,  in  remedying  one  condition,  the  other  will 
he  accentuated.  The  operation  of  the  photoelectric  re- 
lay depends  upon  the  amount  of  current  passing  through 
the  photoelectric  tubes  dropping  below  and  rising  aho\  e 
certain  '""itical  values.  If  (he  conditions  under  which 
(he  equipment  is  operating  are  such  I  ha  I  the  proper 
change  of  current  does  not  occur  when  the  light,  beams 
are  blocked,  the  relay  may  fail  to  operate,  giving  no 
count,  or  it  may  not  operate  positively,  causing  the 
contacts  to  "'chattel'"  and  produce  extra  counts. 

The  solution  of  the  problem  required:  (I)  That  the 
best  possible  adjustment  of  light  beams  he  made;  (2) 
that  some  provision  be  made  to  eliminate  excess  mois- 
ture and  stray  light  where  the  machines  were  subjected 
to  an  exceptional  amount  of  either;  and  (3)  that,  the 
photoelectric  equipment  he  adjusted  to  provide,  ade- 
quate factors  of  safety  against  failure  by  insufficient 
light,  and  stray  light  or  humidity. 

It  is  apparent  from  the  map  in  figure,  7,  which  gives 
the  locations  of  the  344  automatic  traffic  recorders  now 
in  operation,  that  this  equipment,  is  required  to  operate 
under  wide  ranges  of  temperature.  Occasionally 
machines  in  the  north  are  subjected  to  temperatures 
of  40°  F.  below  zero,  and  in  some  desert  regions  to 
temperatures  as  high  as  126°  F.  Like  all  machines 
required  to  operate  under  wide  ranges  of  temperature 
certain  precautions  must  be  taken  to  insure  satis- 
factory operation  under  extreme  conditions.  To  pre- 
vent the  stopping  of  the  clock  because  of  the  congealing 
of  oil  in  the  rotor  in  cold  weather,  heaters  are  furnished 
and  recommended  for  use  whenever  the  machines  are 
subjected  to  temperatures  helow  freezing.  However, 
cases  have  been  found  where  machines  have  operated 
at  5°  below  zero  without  the  aid  of  heaters.  To  accom- 
plish this,  the  machines  must,  be  in  perfect  adjustment. 

In  one  region  it  was  found  desirable  and  economical 
to  use  an  insulated  housing  for  the  recorder.  Experi- 
ments  to  determine  the  most,  economical  combination 
of  heaters  to  use  under  different,  temperature  conditions 
showed  that,  three  heaters  (one  in  each  arm  of  the 
periscope,  and  one  in  the  recorder  box)  would  maintain 
a  temperature  difference  of  42°  F.  between  the  recorder 
mechanism  and  the  outside  air,  when  the  machine  was 
enclosed  in  an  insulated  housing.  This  would  be  neces- 
sary only  in  subzero  weather,  and  it  is  recommended 
that,  only  the  heaters  in  the  periscope  be  used  in 
moderately  cold  weather. 

Extreme  heat  will  also  affect  the  operation  of  the 
recorder.  The  caesium  on  the  cathode  of  the  photo- 
electric tube  will  vaporize  under  temperatures  in  excess 
of  150°  F.,  and  sufficient,  current  will  flow  through  I  lie 
tube,  even  when  there  is  no  light  on  it,  to  prevent  the 
operation  of  the  photoelectric  relay.  Old  tubes  are 
affected  in  the  same  manner  at  temperatures  less  than 
L50.0  F.  The  recorder  would  he  subject  to  such  extreme 
heat  only  in  exceptional  cases.      One  State  hits  reduced 
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Figure  7. — Locations  at  Which  Automatic  Traffic  Recorders  Are  Being  Operated  in  Connection  With  the  State- Wide 

Highway  Planning  Surveys. 


Figure  8. — Automatic  Traffic  Recorder  Installed  in  an 
Aluminum  Box  for  Protection  Against  Hj 


the  likelihood  of  difficulties  from  this  source  by  enclosing 
the  recorders  in  aluminum  boxes.  The  box,  as  shown 
in  figure  8,  provides  a  dead  air  space  which  acts  as 
insulation  around  the  recorder,  and  the  light-colored 
surface  reflects  rather  than  absorbs  heat. 

IMPROVED  MAINTENANCE  HAS  INCREASED  EFFICIENCY 
OF  MACHINES 

Heat  also  affects  the  infrared  ray  filters,  causing  them 
to  fade  because  of  the  melting  and  running  out  of  the 
gelatinous  substance  between  the  parallel  glass  plates. 
A  new  type  of  filter,  consisting  of  a  single  glass  plate,  is 
now  being  used  to  replace  the  old  filters  when  failures 
occur. 

In  one  instance,  a  short  time  after  a  State  had  begun 
operating  automatic  recorders  it  was  found  that  one  of 
the  machines  was  not  recording  traffic  from  late  after- 
noon until  morning.  A  check  of  the  machine  showed 
it  to  be  in  perfect  working  order,  but  when  inquiry  was 
made  of  people  living  in  the  vicinity,  it  developed  that 
the  recorder  interfered  with  their  radio  reception  and 
someone  was  blocking  the  light  beams  to  prevent  this 
disturbance.  As  soon  as  the  State  devised  and  in- 
stalled a  filter  that  eliminated  radio  interference,  the 
recorder  was  no  longer  molested  and  produced  satis- 
factory 24-hour  records.  Since  that  time  provision 
has  been  made  for  elimination  of  radio  interference, 
wherever  necessary,  at  the  time  of  installation. 
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In  a  few  instances  States  installed  automatic  traffic 
recorders  with  the  receiving  units  facing  north  to  mini- 
mize the  effect  of  stray  light.  It  was  found  that  during 
certain  hours  on  bright  days  light-colored  vehicles 
passed  the  machines  without  being  counted.  The 
phenomenon  is  accounted  for  by  the  fact  that  the  light- 
colored  vehicles  will,  during  certain  hours  of  the  day, 
reflect  enough  light  to  replace  the  usual  light  from  the 
light  source  of  the  recorder  so  that  the  machine  fails 
to  record  the  vehicle.  However,  the  resulting  errors 
were  insignificant,  because  the  time  during  which 
they  occurred  was  limited  and  the  number  of  light- 
colored  vehicles  on  the  highways  was  negligible.  An\ 
errors  of  this  nature  may  be  eliminated,  however,  by 
installing  the  receiving  unit  so  that  light  cannot  he 
reflected  into  the  lens  of  the  receiving  unit  by  passing 
vehicles. 

In  the  new  models  of  automatic  traffic  recorders,  all 
weaknesses  in  the  early  equipment  have  been  con- 
sidered and  provisions  are  being  made  to  eliminate 
them.  In  a  counter  recently  developed  the  effects  of 
both  reflected  and  stray  light  are  reduced  by  using  an 
amplifying  unit  designed  for  use  with  "chopped"  light. 
The  chopped  light  is  produced  by  placing  the  light- 
source  beliind  a  shutter  which  is  rotated  at  high  speed. 
Reflected  light  will  not  replace  the  usual  light  supplied 
by  the  light  source;  and  reflected  light,  therefore,  can 
not  affect  the  operation  of  the  counter. 

The  automatic  traffic  counters  were  probably  the 
first  photoelectric  equipment  ever  installed  to  operate 
over  a  wide  range  of  climatic  conditions.  To  obtain 
satisfactory  operation  of  the  machines,  it  was  necessary 
that  each  be  adjusted  for  the  particular  range  of  con- 
ditions to  which  it  was  exposed.  The  making  of  these 
adjustments  required  a  thorough  knowledge  of  the 
operation  of  photoelectric  equipment.  Schools  in  a 
number  of  conveniently  located  cities  were,  therefore, 
conducted  by  the  manufacturer  who  had  the  first  con- 
tract to  furnish  machines.  These  schools  were  attended 
by  representatives  of  all  but  two  of  the  States  in  which 
machines  were  installed  at  that  time.  Performance 
improved  so  rapidly  that  the  average,  operating  effi- 
ciency of  the  machines  throughout  the  country  rose 
from  approximately  66  percent  to  approximately  88 
percent  during  the  first  month's  operation  after  con 
ducting  the  schools,  and  since  that  time  the  operating 
efficiency  has  been  steadily  increasing. 

Improved  methods  of  maintenance  were  developed  at 
the  schools  with  the  result  that  good  records  have  since 
been  obtained  at  low  cost.  The  method  most  generally 
used  involves  the  appointment  as  supervisor  of  some 
person  who  has  attended  or  has  had  special  instruction 
similar  to  that  given  at  the  schools.  The  supervisor, 
who  is  usually  assigned  other  duties  in  addition  to  those 
connected  with  the  maintenance  of  this  equipment, 
maintains  a  central  headquarters  and  visits  the  ma- 
chines only  when  notified  by  local  representatives  that 


the  equipment  is  not  operating  properly.  No  other 
person  is  permitted  to  make  repairs  or  replacements  of 
any  parts  except  burned-out,  bulbs,  which  may  be  re- 
placed by  certain  local  representatives  of  the  State. 

Although  the  supervisor  is  the  only  one  permitted  to 
make  repairs,  local  representatives  of  the  State,  such 
as  maintenance  employees,  State  police,  or  other  State 
employees  who  pass  the  recorder  in  regular  line  of  duty, 
are  instructed  to  observe  the  machines  at  such  times  to 
determine  if  they  are  functioning.  If  no  click  is  heard 
when  a  vehicle  passes,  the  main  office  is  advised  imme- 
diately and  the  supervisor  is  sent  to  make  repairs. 
Arrangements  are  also  made  for  some  local  employee  to 
remove  and  forward  the  record  tape  to  the  central  oilier 
once  a  week.  This  same  employee  is  instructed  in  the 
method  of  making  certain  minor  adjustments,  and  he 
also  replaces  the  bulbs  in  the  light  source  at  periodic 
intervals  to  prevent  failure  caused  by  burned-out  bulbs. 

MACHINE  COUNTS  CHECK  CLOSELY  WITH   MANUAL  COUNTS 

In  maintaining  the  machines  it  should  be  remembered 
that  while  interruptions  in  operation  which  prevent  the 
accumulation  of  records  for  considerable  periods  of  time 
are  serious,  minor  interruptions  which  cause  the  loss  of 
only  a  few  hours  of  record  or  even  the  occasional  loss  of 
a  day  or  two  of  records  will  not  seriously  affect  the  value 
of  the  results  obtained.  In  spite  of  short  interruptions, 
enough  information  is  usually  available  on  which  re- 
liable estimates  of  the  missing  counts  may  be  based  so 
that  the  effect  on  the  final  results  is  negligible. 

Some  States  that  keep  accurate  records  of  the  per- 
formance of  their  recorders  have  found  that  where 
machines  are  adequately  maintained,  the  average  oper- 
ating efficiency  of  all  machines  in  the  State  will  exceed 
95  percent.  Individual  machines  frequently  operate  at 
I  Of)  percent  efficiency  as  long  as  3  or  4  months  at  a  time. 
Collisions,  power  and  equipment  failures,  and  other 
factors,  any  one  of  which  will  discontinue  operation  of 
the  recorder,  prevent  an  efficiency  of  100  percent  over 
an  extended  period  of  time. 

There  are  two  sources  of  error  in  results  obtained  by 
the  photoelectric  type  of  traffic  recorder  that  should  be 
mentioned.  The  simultaneous  passage  of  two  vehicles 
is  recorded  as  one  vehicle.  Offsetting  this,  single 
vehicles  with  peculiar  bodies  or  with  large  openings  on 
the  body,  such  as  tractor-truck  semitrailer  combina- 
tions, are  frequently  recorded  twice  or  more.  These 
errors  tend  to  compensate  each  other  and  check  counts 
indicate  that  generally  the  machine  count  is  within  1.5 
percent  of  the  actual  traffic.  Since  the  object  in  using 
automatic  traffic  recorders  is  to  obtain  records  from 
which  traffic  trends  can  be  determined,  slight  errors  of 
this  nature  do  not  impair  the  value  of  the  record. 

It  has  been  found  that  as  a  general  rule  automatic 
traffic  counters  record  quantities  in  excess  of  actual 
figures.  The  accuracy  of  the  automatic  count  also 
appears  to  vary  with  the  volume  of  traffic,  more  accu- 
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rate  results  being  obtained  on  heavily  traveled  roads 
than  on  lightly  traveled  roads.  The  explanation  for 
this  is  that  the  percentage  of  peculiarly  shaped  vehicles 
(farm  machinery,  etc.)  is  highest  on  lightly  traveled 
roads,  and  also  that  more  vehicles  pass  simultaneously 
in  front  of  the  recorder  on  heavily  traveled  roads,  caus- 
ing overcounts  to  be  more  nearly  balanced  by  under- 
counts. 

When  properly  adjusted,  a  machine  may  be  relied 
upon  to  operate  continuously  with  the  same  percent- 
age of  error,  the  amount  of  which  is  determined  by  the 
type  of  traffic  peculiar  to  the  location.  In  contrast, 
individuals  are  known  to  differ  in  their  ability  to  count 
the  number  of  vehicles  passing  a  given  point.  These 
differences  can  be  attributed  to  the  fact  that  when  an 
individual  counts  traffic  for  a  considerable  period  of 
time,  he  cannot  maintain  the  same  degree  of  accuracy 
because  of  the  monotony  of  the  task. 

Table  1  shows  the  results  of  manual  counts  made  to 
check  a  number  of  automatic  recorders  located  at 
different  points  throughout  the  country. 

Table    1. — Comparison   of  automatic  traffic  recorder  counts   and 
manual  counts  of  traffic  made  to  check  their  accuracy 


Count  made— 

Length  of 
count 

Difference 

Manually 

Mechanically 

Hours 

I  V  hides 

1  'eh  ides 

Percent 

21 

6,  164 

6,  445 

ii  29 

11 

2,704 

2.  70S 

.  15 

13 

2,001 

1,998 

.15 

13 

1,372 

1,372 

11 

811 

829 

■    ' 

'.< 

770 

782 

1.56 

Hi 

569 

599 

5.27 

2 

.529 

540 

2  ox 

13 

450 

454 

.89 

!l 

371 

386 

4.  04 

3 

344 

342 

.58 

3 

327 

336 

2.75 

2 

318 

321 

.04 

4 

224 

224 

2 

219 

221 

.91 

3 

144 

148 

2.78 

As  a  result  of  manual  counts  made  in  one  State  it 
was  suggested  that  a  special  circuit  be  designed  for  use 
in  automatic  recorders  located  on  roads  carrying  little 
traffic.  This  circuit  would  control  the  counting  mech- 
anism in  such  a  manner  that  once  both  light  beams  were 
blocked  and  a  count  made,  another  count  could  not  be 
registered  until  both  light  beams  were  again  free.  This 
would  help  to  prevent  overcounts  on  little-traveled 
roads.  A  special  circuit  for  such  use  is  already  being 
developed.  This  circuit  will  make  it  possible  to  obtain 
more  reliable  counts  on  roads  carrying  a  large  number 
<»f  horse-drawn  vehicles. 

In  order  to  provide  a  convenient  system  for  tabulat- 
ing figures  taken  from  machines,  the  record  card  shown 
in  figure  9  was  developed.  On  the  back  of  the  first 
weekly  record  card  for  each  recorder  a  detailed  sketch 
of  its  locution  is  made.  Under  "Remarks"  any  unusual 
conditions  that  may  affect  traffic  are  entered.  Data 
obtained  directly  from  the  tapes  of  properly  operating 
recorders  are  entered  in  black  ink.     All  estimated  data 


for  periods  when  the  machine  is  known  to  be  function- 
ing improperly  are  entered  in  red  ink.  Thus,  when  an 
analysis  of  the  records  is  made,  the  analyst  has  before 
him  in  a  convenient  form  practically  all  of  the  informa- 
tion needed. 

FnrmU  (I    P    S. 

SOUTH  CAROLINA 
AUTOMATIC  TRAFFIC  COUNT   RECORD 

Stat.on 2 County    Darl.ingt011 

Location  to  "3  .!*?•  ..15  &  52,  Primary  System,  1.8  miles  South 
of  Society  H^lfc  Bcginli;„g...  Apr.il...lS,,.  1937 


DAY 

SUN. 

MON. 

TUES. 

WED. 

THUR. 

TRI. 

SAT. 

TOTAL 

Date 

18 

19 

20     |    21 

22 

23 

24 

Hour 

A     M 

12-   1 

22 

25 

23 

13 

25 

29 

15 

152 

1-  2 

19 

23 

17 

17 

20 

13 

18 

127 

2-  i 

21 

11 

1?. 

26 

15 

11 

19 

115 

.)-  4 

12 

11 

19 

25 

11 

12 

7 

97 

4-  5 

14 

21 

18 

8 

12 

18 

14 

105 

5-  6 

1R 

16 

16 

£7 

25 

17 

22 

141 

6-  7 

34 

41 

27 

50 

41 

45 

30 

268 

7-  8 

30 

51 

41 

59 

55 

71 

56 

363 

8-  9 

61 

69 

68 

115 

92 

104 

62 

571 

9-10 

97 

71 

108 

104 

116 

45 

99 

640 

10-11 

115 

94 

125 

90 

122 

98 

73 

717 

11-12 

110 

85 

97 

82 

93 

100 

91 

658 

P.   M. 

12-  1 

77 

78 

91 

92 

77 

84 

101 

600 

1-  2 

90 

1C4 

98 

123 

81 

93 

97 

686 

2-  i 

127 

83 

85 

144 

123 

95 

95 

752 

3-  4 

145 

9E 

81 

115 

117 

106 

98 

754 

4-  5 

14? 

91 

121 

127 

95 

109 

90 

780 

5-  6 

178 

104 

119 

111 

98 

102 

71 

783 

6.  7 

151 

95 

83 

80 

73 

88 

69 

639 

7-  8 

108 

65 

46 

63 

74 

87 

38 

481 

8-  9 

70 

40 

41 

45 

52 

81 

50 

379 

9-10 

77 

36 

28 

26 

38 

45 

23 

273 

10-11 

68 

36 

47 

32 

36 

36 

14 

269 

11-12 

60 

39 

38 

31 

34 

45 

25 

272 

Total 

1851 

1381 

1449 

1605 

1525 

1534 

1277 

10622 

%  Aver. 

Wk    Dav 

121.9 

91 

95.5 

105.8 

100.5 

101.1 

84.2 

Weather 
Condition 

Fair 

Fair 

Partly 
31oudy 

Partlj 
Cloudj 

Fair 

Fair 

Rain 

Figure  9. — Sample  Weekly  Record  Card  Used  in  Tabula 
ting   Data  Obtained   by  Automatic  Traffic   Recorders. 

counters  placed  at  carefully  selected  locations 

The  best  method  of  estimating  missing  data  for  com- 
paratively short  periods  will  depend  upon  the  particu- 
lar circumstances.  When  the  record  for  part  of  a  day 
is  lost,  but  the  record  for  the  rest  of  the  day  is  adequate, 
an  effort  should  be  made  to  establish  the  relationship 
between  the  available  data  for  that  day  and  the  data 
for  the  corresponding  days  in  each  of  the  two  preced- 
ing and  each  of  the  two  succeeding  weeks.  These  rela- 
tions can  then  be  used  to  obtain  a  reasonably  accurate 
estimate  of  the  required  data. 

Ordinarily,  the  hourly  distribution  and  volume  of 
daily  traffic  from  Monday  through  Friday  is  fairly  uni- 
form for  a  given  road.  Therefore,  when  data  are  miss- 
ing for  a  short  period  on  one  of  these  days,  a  safe  esti- 
mate can  often  be  made  by  simply  averaging  the  counts 
for  the  corresponding  hours  shown  for  the  other  4  days 
of  the  same  week. 

To  obtain  the  most  valuable  records  by  the  use  of 
automatic  traffic  recorders,  it  is  essential  that  the  re- 
corders be  properly  located.     In  selecting  locations  the 
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special  uses  to  which  the  data  are  to  be  adapted  must 
be  considered.     These  uses  generally  are: 

1.  To  aid  in  expanding  sample  counts  that  are  ob- 
tained at  other  points  on  the  highway  system. 

2.  To  provide  a  basis  for  analyzing  various  daily, 
weekly,  seasonal,  and  other  traffic  distributions,  or  "pat- 
terns" in  connection  with  determining  the  relative  reli- 
ability of  various  methods  of  sampling. 

3.  To  provide  a  basis  for  predicting  future  traffic. 
In  addition,  there  are  a  number  of  other  uses  which 

may  be  made  of  automatic  traffic  recorder  data.  Rec- 
ords obtained  by  these  machines  will:  Provide  a  means 
of  studying  the  relations  between  Sunday  traffic  vol- 
umes and  weekday  traffic  volumes  during  the  year;  aid 
in  studying  the  frequency  distribution  of  daily  traffic 
volumes;  and  assist  in  investigating  traffic  fluctuations 
produced  by  the  opening  of  new  roads  or  improvement 
of  old  roads.  Specially  equipped  machines  are  now- 
being  used  to  study  fluctuations  within  the  hour. 

To  accomplish  these  purposes  with  a  minimum  num- 
ber of  machines,  special  care  must  be  taken  to  locate 
the  recorders  so  that  each  traffic  pattern  developed 
from  a  continuous  record  will  be  typical  of  a  certain 
class  of  traffic.  This  suggests  that  the  first  step  is  to 
classify  all  roads  according  to  the  class  of  traffic  carried ; 
that  is,  tourist,  farm-to-market,  combination  tourisi 
and  farm-to-market,  metropolitan,  etc.  The  next  step 
is  to  pick  typical  locations  for  each  classification  at 
which  it  will  be  easiest  to  isolate  the  effect  of  the  pre- 
dominant class  of  traffic. 

Probably  the  most  important  use  of  data  recorded  by 
automatic  traffic  recorders  is  to  furnish  a  basis  for  estab- 
lishing fundamental  traffic  trends  and  determining 
normal  traffic  patterns.  These  trends  and  patterns 
are  of  great  importance  in  connection  with  predicting 
future  traffic  and  in  checking  the  dependability  of 
various  methods  of  sampling  traffic. 

Complete  data  for  a  considerable  period  of  time  are 
required  to  determine  normal  traffic  patterns.  A  sea- 
sonal traffic  pattern,  for  instance,  is  not  merely  a  curve 
showing  seasonal  variations  in  traffic  for  a  certain  year, 
but  it  is  a  traffic  pattern  based  upon  counts  made  for  sev- 
eral years.  This  pattern  will  indicate  the  usual  seasonal 
variation  together  with  the  degree  to  which  it  may  be 
expected  to  vary  from  year  to  year.  Similarly,  traffic 
patterns  must  be  determined  for  days  of  the  week, 
hours  of  the  day,  and  in  certain  cases,  intervals  during 
each  hour.  A  traffic  pattern  cannot  be  considered  as 
fixed,  as  changes  are  constantly  occurring. 

Additional  phases  of  this  problem  may  be  indicated 
by  pointing  out  that  in  order  to  determine  the  normal 
seasonal  traffic  variation  at  a  certain  location,  it  is 
necessary  to  know  the  underlying  growth  tendency 
(secular  trend)  as  indicated  by  records  over  a  consid- 
erable number  of  years.  Obviously  the  normal  dis- 
tribution of  traffic  by  days  of  the  week  or  hours  of  the 
day  cannot  be  determined  without,  at  the  same  time, 


determining  seasonal  variation.  Once  normal  trends 
and  patterns  are  established,  it  will  be  possible  to 
isolate  the  influences  of  general  and  local  economic 
conditions  and  often  unusual  factors  influencing  traffic 
patterns  can  be  identified.  Data  collected  by  hours 
over  a  period  of  several  years  also  serve  as  a  basis  for 
determining  schedules  for  taking  limited  samples  that 
will  yield  satisfactory  results. 

The  greatest  progress  in  ascertaining  the  influence  of 
general  and  local  conditions  upon  traffic  can  be  made 
by  keeping  the  machines  at  fixed  locations  for  long 
periods  of  time.  Therefore,  automatic  recorders  should 
not  be  moved  from  one  location  to  another  unless  the 
number  of  available  recorders  is  so  small  that  they  can 
be  used  only  to  develop  factors  for  the  expansion  of 
short  counts.  Expansion  factors  obtained  in  one  year 
and  applied  to  short  counts  obtained  in  another  are  of 
questionable  reliability,  especially  where  there  is  no 
reliable  information  regarding  the  secular  trend  of  the 
traffic  patterns  on  these  roads. 

COUNTER   RECORDS   USED  IN   EXPANDING    MANUAL   COUNT    DATA 

In  connection  with  the  problem  of  deriving  factors  to 
be  used  in  expanding  short  manual  counts  obtained  at 
many  points,  it  is  desirable  to  obtain  answers  to  the  fol- 
lowing questions  for  each  available  set  of  data: 

1.  What  is  the  relation  between  the  number  of  vehi- 
cles passing  during  the  period  of  the  day  when  the  man- 
ual counts  are  scheduled,  and  the  number  of  vehicles 
passing  during  the  entire  24-hour  period? 

2.  What  is  the  relation  between  the  average  daily 
traffic  from  Monday  to  Friday  and  the  average  daily 
traffic  for  the  whole  week? 

3.  What  are  the  relations  between  the  average  daily 
traffic  for  each  month  and  the  average  daily  traffic  for 
t he  year? 

Since  these  basic  relations  are  desired  for  traffic  pass- 
ing each  machine,  it  is  convenient  to  arrange  the  data  in 
forms  similar  to  the  partially  filled  forms  shown  in 
figures  10  and  11. 

On  different  classes  of  roads,  these  relations  are  found 
to  be  quite  different.  By  classifying  the  influences  that 
are  known  to  account  in  part  for  the  variations  in  the 
relations,  and  by  modifying  the  relations  in  accordance 
with  the  data  obtained  at  manual  control  stations 
where  a  number  of  repeat  counts  are  obtained  at  inter- 
vals throughout  the  year,  a  number  of  classified  groups 
of  expansion  factors  are  obtained.  From  these  groups 
of  expansion  factors,  those  applicable  to  a  single  route 
where  short  sample  counts  have  been  made  can  be 
selected  and  applied. 

Arrangement  of  the  data  in  the  form  shown  in  figures 
10  and  11  also  facilitates  investigation  of  the  relative 
reliability  of  various  methods  of  sampling  traffic.  In 
studies  of  this  type,  it  is  assumed  that  counts  have  actu- 
ally been  made  on  the  schedule  being  investigated,  with 
the  first  count  on  the  schedule  beginning  on  the  first  day 
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Eoute:   Pa.   284 


PENNSYLVANIA 

Automatic  Recorder  Data  for  One  Month  by  Days  of  the  Week: 

Helationship  between  the  8  a. in.   to  4  p.m.   traffic 
and  the  24-hour  traffic 


Station:    E-382 


Month:   March  1937 


Traffic  l/ 

Percentage 
8-4  traffic 
is  of  24- 
hour  traffic 

Day  of  the 

week  and 

date 

24  hours 

8  a.m. 

to 
4  p.m. 

Other  data  and  remarks 

Sunday  -  March  7 
14 
21 
28 

Vehicles 
648 
310 
542 
508 

Vehicles 

335 
164 

233 
279 

Total 

2008 

1011 

50.35 

Monday  -  March  1 
8 

15 
22 
29 

351 
327 
281 
323 
323 

138 

132 
ISO 
i4o 
l4o 

Total 

1605 

700 

43.61 

Tuesday  -  March  2 

9 

16 

23 

30 

386 

318 

255 
304 

307 

194 
136 
141 
120 
137 

Total 

1570 

728 

46.37 

\Yednesday-March  3 
10 

11 

31 

505 

286 

152 

450 

301 

234 
121 

77 

165 

123 

Total 

1694 

720 

42.50 

Thursday-  Uarch  4 
11 
18 
25 

799 
305 
369 
363  _ 
1836 

399 
137 
192 

159 

Total 

8S7 

48.31 

Friday  -  March  5 
12 
19 
26 

355 
361 
320 
354 

162 
151 

123 

194 

Total 

1390 

630 

45.32 

Saturday-March  6 

13 
20 

27 

436 
4i4 

m 

197 
170 

255 

ig4 

Total 

1809 

816 

45.11 

Total 

4  Sundays 
23  Weekdays 
4  Saturdays 

2008 

8095 
1809 

1011 

3665 

816 

Average 

Sunday 

Weekday 

Saturday 

502 
452 

253 
159 

204 

50.4 

45.2 
45.1 

Adjusted  average 
day  for  the  month 
2/ 

388 

179 

46.1 

1/ 


2/ 


When  machine  failures  have  necessitated  estimates  for  an  entire  day,  do  not  enter 
estimated  figures;  hoy/ever,  figures  for  a  day  which  include  reliable  estimates  for 
only  a  portion  of  the  day  should  be  entered. 

Computed  by  the  formula  5A  +  B  +  C  (A  represents  average  weekday;  B,  average  Saturday; 

and  C,  aversge  Sunday)  to  provide  correct  weighting  in  the  event  of  extra  Saturdays  or 
Sundays,  or  missing  data.  This  average  may  differ  slightly  from  that  obtained  by 
dividing  the  total  number  of  vehicles  for  the  month  by  the  number  of  days  in  the  month. 

Figure  10. — Form   Used   i\   Summarizing  Each  Month's  Traffic  Data. 
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Boute:   Pa.   284 


PENNSYLVANIA 
Automatic  Recorder  Data  by  Months 


Station:   E-382 
Year:   1937 


A  yearly  record  by  months  showing:    (1)    the  number  of  vehicles  for  the  average  weekday  and  for 
the  adjusted  daily  average;    (2)    the  percentage  that  the  adjusted  daily  average  is  of  the 
average  weekday;    (3)    the  percentage  that  the  adjusted  daily  average  of  each  month  is  of  the 
adjusted  daily  average  of  the  year,   and  (4)    the  percentage  that  the  8  a.m.   to  4  p.m.   traffic 
is  of  the  24-hour  traffic  for  Sunday,   Monday  to  Friday,   Saturday,   and  Sunday  to  Saturday. 

Factors  influencing  the  traffic  pattern: 

Type  of  traffic  1/ 


Percent  passenger  cars  2/ 
Remarks  3/      


Percent  foreign  vehicles  & 


Number  of 
vehicles 

Percent- 
age the 
adjusted 

daily 

average 

is  of  the 

average 

weekday 

Percent- 
age the 
month 
daily 
average 
is  of  the 
year 
daily 
ave  rage 

Percentage   that  the  8  a.m«    to  ' 
traffic  is  of  the  24-hour  traJ 

V  p.m. 
'fie 

Month 

V 

Average 
weekday 
(iionday 

to 
Friday) 

5/ 

Adjusted 

daily 

average 

( Sunday 

to 

Saturday) 

Sunday 

Monday 

to 
Friday 

Saturday 

Sunday 

to 

Saturday 

1937 

January 

27H 

297 

108.  4 

69.I 

48.8 

42.7 

45.1 

44.1 

February 

287 

326 

113.6 

75.8 

50.4 

43.2 

44.3 

44.8 

March 

352 

388 

110.2 

90.2 

50.4 

45.2 

45.1 

46.1 

April 

306 

3U9 

114.1 

81.2 

53.6 

43.8 

44.2 

45.S 

May 

391 

489 

125.1 

113.7 

42.6 

45.0 

41.8 

43.8 

June 

^37 

569 

130.2 

132.3 

35.5 

45.8 

31.5 

40.6 

July 

3*53 

528 

137.9 

122.8 

34.3 

33.9 

35-0 

36.7 

August 

385 

593 

15U.0 

137.9 

30.7 

36.9 

29.7 

33.4 

September 

366 

49s 

136.1 

115.8 

39.5 

42.1 

4l.O 

4i.o 

October 

331 

392 

118. 4 

91.2 

46.  S 

4o.s 

44.0 

42.6 

November 

34i 

380 

111.4 

S&.k 

51.5 

45.7 

48.6 

47.4 

December 

yb 

353 

112.4 

82.1 

51.2 

48.4 

44.4 

48.4 

Daily  average 
for  the  year 

6/  3^7 

£/43o 

123.9 

-- 

1/  4i.i 

1/  43.1 

2/  40.3 

1/  42.1 

l/     Interstate,    recreational,    suburban,    coal  hauling,    farm-to-market,   etc. 

2/     Insert  when  available. 

ij     Such  as:    "Almost  exclusively  farm-to-market  traffic  in  a  community  where  there  is 
little  night  travel  and  an  unusual  number  of  horse-drawn  vehicles." 

4/     Average  of  all  days  of  the  month  except  Saturdays  and  Sundays. 

5/     Adjusted  daily  average  for  the  month,    including  Saturdays  and  Sundays,    computed  by  the 
formula     5A  +  B  +  c  ,     See  footnote  2  on  the  preceding  table. 

6/     Ideally  the  daily  average  for  the  year  would  be  obtained  by  dividing  the  annual  total 
ty  365,   but  inasmuch  as  100  percent  complete  data  are  not  always  available,    the  sug- 
gested method  is  to  divide  by  12  the  sum  of  the  adjusted  daily  averages  for  the  months 
without  regard  for  the  varying  lengths  of  the  months  or  the  varying  ratios  of  Saturdays 
and  Sundays  to  weekdays.     This  procedure  will  result  in  a  close  approximation  to  the  ideal 
figure. 

]/     Similar  to  note  6  above,   the  preferred  method  of  obtaining  the  percentage  that  the 
yearly  8  a.m.   to  4  p.m.    traffic  is  of  the  yearly  24-hour  traffic  would  be  to  divide 
the  total  8  a.m.    to  4  p.m.   traffic  by  the  total  24-hour  traffic,  but,   in  order  to 
prevent  unrepresentative  weighting  of  months  with  complete  data  as  compared  with 
months  with  partial  data,   the  sum  of  the  daily  average  8  a.m.   to  4  p.m.   traffic  for 
the  12  months  is  divided  by  the  sum  of  the  daily  average  24-hour  traffic  for  the  12 
months  to  obtain  this  percentage. 

Figure  11. — Form  Used  in  Summarizing  Traffic  Data  by    Months. 
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of  the  year.  By  advancing  the  date  of  initial  operation 
successively  to  each  day  throughout  a  complete  period,  a 
group  of  samples  can  he  obtained  which,  when  expanded 
according  to  the  best  available  methods,  can  be  studied 
by  various  statistical  methods  to  obtain  some  measure 
of  the  reliability  of  the  sample.  This  same  procedure 
can  then  be  extended  to  other  proposed  sampling  sched- 
ules. After  the  relative  reliability  of  a  number  of 
schedules  is  known,  future  traffic  surveys  can  be  planned 
so  as  to  obtain  the  desired  information  in  the  quickest 
and  most  economical  manner. 

Because  the  automatic  traffic  recorders  have  been  in 
use  but  a  short  time,  the  records  are  as  yet  inadequate 
to  enable  determination  of  normal  seasonal  patterns,  or 
the  causes   of   deviations   from   the   normal   patterns. 


COST  OF  OPERATING  COUNTERS  DISCUSSED 

A  recent  survey  disclosed  the  average  cost  of  operat- 
ing one  automatic  recorder  at  a  rural  location  for  a 
month  to  be  as  follows: 

Overhead $3.  69 

Supervision 4.  04 

Maintenance: 

Labor 6.  57 

Subsistence 2.  48 

Travel 8.  51 

Power 4.  05 

Supplies,  etc 2.  20 

Total 23.  81 

Preparation  of  records  ' 7.  86 

Grand  total 39.  40 


o   6 


2   4 


Z    0 


12 


2,312  VEHICLES  PER  DAY;  ON  A  MAIN  HIGHWAY  CARRYING 
MORE  THAN  AVERAGE  THROUGH  TRAFFIC 


1,620  VEHICLES  PER  DAY;  ON  A  MAIN  HIGHWAY  CARRYING 
MORE  THAN  AVERAGE  THROUGH  TRAFFIC 


U8  VEHICLES  PER  DAY,  ON  A  LOCAL  ROAD  CARRYING 
FARM-TO-MARKET  AN0  TOURIST  TRAFFIC 


7^-v___i^_ 
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7,600  VEHICLES  PER  DAY,  ON  A  DOWNTOWN  CITY  STREET 


i i ^-^^ 


257  VEHICLES  PER  DAY;  ON  A  ROAD  SERVING  A  RECREATIONAL  AREA 


4  6  8  10      NOON       2  4  6  8 

A.M.  PM 
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\ 

10         12  12         2  4  6  8         IO      NOON      2  4  6  8  10         12 

HOUR  OF  THE  DAY  AM  PM. 

Figure   12.— Examples  of  Hourly  Variations  in  Traffic  Volume  on  Roads  Carrying  Different  Classes  of  Traffic  During 


1937. 


Such  determinations  will  be  necessary,  however,  in  con- 
nection with  the  isolation  of  individual  influencing  fac- 
tors. After  the  effects  of  each  of  a  number  of  factors 
can  be  distinguished,  it  is  hoped  that  roads  can  be 
scientifically  classified  into  groups  having  like  traffic 
characteristics.  When  this  is  done,  many  of  the  changes 
in  the  flow  of  traffic  may  first  be  identified,  and  later 
predicted. 

Figures  12,  13,  and  14  show  typical  traffic  patterns 
developed  from  records  obtained  by  automatic  recorders. 


Costs  of  operating  recorders,  at  urban  locations 
would  probably  be  less  because  of  reduced  travel  dis- 
tance and  lower  power  rates. 

The  average  cost  of  installing  one  machine  is  $124.67. 
This  cost  varies  widely,  depending  on  the  amount  of 
travel  required  to  reach  the  location. 

The  yearly  cost  of  obtaining  traffic  counts  by  the 
automatic    traffic   recorders   is   small   when   compared 

1  Preparation  of  records  covers  the  cost  of  transferring  figures  from  record  tape  to 
permanent  card  forms. 
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2.514  VEHICLES  PER  DAY;  ON  A  MAIN  HIGHWAY 
CARRYING  MORE  THAN  AVERAGE  THROUGH  TRAFFIC 


1,627  VEHICLE5PERDAY;  ON  A  MAIN  HIGHWAY 
CARRYING  MORE  THAN  AVERAGE  THROUGH  TRAFFIC 


^^ 

401  VEHICLES  PER  DAY;  ON  A  LOCAL  ROAD 
CARRYING  FARM-TO-MARKET  TRAFFIC 

50 


Figure  13.- 


7,450  VEHICLES  PER  DAY;  ON  A  DOWNTOWN  CITY  STREET 

. •_____^~ — — 

TUES. 


aso 


I  467  VEHICLES  PER  DAV;  ON  A  ROAO  SERVING  A  RECREATIONAL  AREA 

\ 

\ 

\ 

\ 

SAT  SUN. 

DAY  OF  THE  WEEK 


THUR. 


-Examples  of  Daily  Variations  in  Traffic  Volume  on  Roads  Carrying  Different  Classes  of  Traffic  During 

1937. 


ON  A  MAIN  HIGHWAY  CARRYING  MORE  THAN  AVERAGE 

TOURIST     TRAFFIC  IN  FLORIDA;  AVERAGE  DAILY  TRAFFIC  = 

2,92!  VEHICLES 

4 
3 

' 

n 

ON  A  MAIN  HIGHWAY  CARRYING  MORE  THAN  AVERAGE  TOURIST 

TRAFFIC  IN 

IDAHO  ;  AVERAGE  DAILY  TRAFFIC  = 

2,330  VEHICLES 

4 

3 

n 

ON  A  COUNTY  ROAD  CARRYING  FARM-TO-MARKET  TRAFFIC  IN  IOWA;    AVERAGE  DAILY  TRAFFIC  =  270  VEHICLES 


jan.  feb.  mar.  april  may  june  july  aug  sept.  oct.  nov.  dec. 

Figure  14. — Weekly  Variations  in  Traffic  Volume  on  Roads  Carrying  Different  Classes  of  Traffic  During  1937 
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with  the  cost  of  obtaining-  the  same  record  manually. 
The  following-  is  an  estimate  of  the  annual  cost  of 
operating  the  average  automatic  traffic  recorder: 

Depreciation  (based  on  assumed  5-year  life  and  average 

first  cost  of  $406.00) $81.  20 

Installation  (based  on  5-year  period  and  average  installa- 
tion cost  of  $124.67)_.  24.  93 
1  sear's  operation  costs  at  $39.40  per  month 472.  80 

Total $378.  93 

The  estimated  yearly  cost  of  obtaining  the  same 
record  manually  is  between  $6,022.50  and  $8,212.50. 
This  estimate  is  based  on  reliable  figures,  which  show 
that  the  average  cost  of  making  an  8-hour  count  ranges 
between  $5.50  and  $7.50. 

Before  comparing  the  cost  of  counting  traffic  man- 
ually with  the  cost  of  automatic  counting,  it  should  be 
pointed  out  that  a  man  stationed  at  an  intersection  can 
count  traffic  on  all  roads  entering  the  intersection, 
whereas  an  automatic  counter  obtains  a  count  for  only 
one  road.  In  addition,  manual  counts  will  give  the 
composition  and  direction  of  traffic  flow.  However,  as 
automatic  traffic  recorders  are  used  to  obtain  contin- 
uous records,  where  the  number  of  vehicles  passing  a 
point  by  time  intervals  is  the  information  desired,  and 
because  only  occasionally  will  more  than  one  distinctive 
yet  representative  traffic  pattern  be  obtainable  at  an 
intersection,  the  estimated  cost  of  obtaining  such  records 
by  the  two  methods  may  be  compared.  On  the  basis 
of  these  estimates,  approximately  10  to  14  years' 
records  could  be  obtained  by  the  use  of  automatic 
traffic  recorders  for  the  cost  of  obtaining  1  year's  manual 
record.  As  the  number  of  automatic  traffic  recorders  in 
operation  increases  and  methods  of  inspection  and  col- 
lection of  records  are  improved,  the  cost  of  operating- 
each  machine  will  probably  decrease. 

Considering  the  economy  of  the  automatic  traffic 
recorders,  it  might  be  asked  why  machines  are  not  used 
exclusively.  One  reason  is  that  in  traffic  surveys  it  is 
not  enough  to  determine  only  the  number  of  vehicles 
which  use  the  highways.  It  is  generally  desired  to 
classify  the  vehicles  as  passenger  cars,  trucks,  tractor- 
trucks  and  semitrailers,  and  busses.  Moreover,  another 
classification  distinguishes  between  those  vehicles 
having  license  tags  from  States  other  than  that  in  which 
they  are  observed,  commonly  called  "foreign"  vehicles, 
and  those  vehicles  having  license  tags  of  the  State  in 
which  they  are  observed,  commonly  called  ''local'' 
vehicles. 

Thus,  a  comprehensive  traffic  survey  makes  necessary 
numerous  manual  counts.  However,  it  is  believed  that 
the  most  economical  and  desirable  plan  for  conducting 
traffic  surveys  wrould  be  one  in  which  most  of  the 
actual  counting  would  be  done  by  machines,  and  manual 
counting  would  be  restricted  to  a  minimum  number  of 
counts  at  a  few  control  stations,  all  of  which  would  be 
operated  for  the  purpose  of  obtaining  the  necessary 
samples  of  classified  traffic.  Ratios  between  the  var- 
ious types  of  vehicles  observed  at  the  manual  control 


stations  could  then  be  applied  to  all  the  vehicles  counted 
by  the  machines. 

ATTEMPTS  BEING   MADE  TO  DEVELOP  PORTABLE  COUNTERS 

The  automatic  traffic  recorder  which  has  been  de- 
scribed was  designed  for  permanent  installation  to 
provide  continuous  records  for  long  periods  of  time. 
The  installation  expense  and  electric  power  require- 
ments of  these  machines  make  it  impossible  to  extend 
their  use  to  assist  in  accumulating  the  desired  sample 
counts  at  thousands  of  points  throughout  a  State,  or 
in  connection  with  a  city  traffic  survey  at  hundreds  of 
points  within  a  city.  Attempts  to  develop  a  satisfac- 
tory, low-cost,  portable  automatic  recorder  for  this 
work  have  been  in  progress  for  a  number  of  years. 
Efforts  have  been  intensified  since  1936  when  many  of 
the  States  began  their  planning  surveys. 

The  most  difficult  problem  encountered  in  the  at- 
tempt to  develop  portable  machines  has  been  that  of 
designing  a  suitable  detecting  unit  that  could  operate 
economically  as  a  self-contained  unit.  Efforts  have 
been  made  to  develop  a  suitable  road  switch,  consisting 
of  two  pieces  of  spring  steel,  separated  at  intervals  by 
spacers  and  encased  in  rubber.  The  road  switch  is 
placed  on  the  road  surface  and  is  connected  to  a  storage 
battery  and  counting  unit.  An  electrical  impulse 
actuates  the  counting  unit  each  time  the  wheels  of  a 
passing  vehicle  press  the  spring  steel  strips  together. 

Only  recently  the  Bureau  has  been  experimenting 
with  an  air  switch,  which  consists  of  a  small  rubber 
tube  and  diaphragm  arranged  to  operate  an  electrical 
contact.  The  tube  is  placed  on  the  road  surface  and, 
when  compressed  by  the  wheels  of  a  vehicle,  sufficient 
air  is  displaced  to  move  the  diaphragm.  The  move- 
ment of  the  diaphragm  causes  an  electric  contact  to 
actuate  a  counting  mechanism.  This  type  of  switch 
offers  attractive  possibilities. 

Portable  machines  utilizing  either  the  contact  switch 
or  the  air  switch  may  soon  be  available.  However, 
experiments  with  such  devices  have  been  confined  to 
paved  roads.  The  problem  of  adapting  them  to  un- 
paved  roads  still  remains  to  be  solved  if  these  machines 
are  to  be  of  more  than  limited  value  in  counting 
traffic.  This  consideration,  of  course,  is  unimportant 
in  connection  with  city  traffic  surveys.  The  road 
switch  detecting  unit  appears  ideal  for  city  traffic 
counts  because  of  its  ability  to  detect  vehicles  traveling 
in  the  same  direction  in  different  lanes,  even  when  one 
vehicle  lags  only  slightly  behind  the  other.  Also, 
whenever  desired,  road  switches  could  be  installed  in 
a  single  traffic  lane,  or  a  group  of  machines  could  be 
installed,  each  of  which  would  record  traffic  moving  in 
a  single  lane. 

A  portable  automatic  recorder  with  a  single-beam 
photoelectric  detecting  unit,  operated  by  batteries,  has 
recently  been  designed.  It  is  expected  that  a  model  of 
this  machine  will  soon  be  constructed  and  ready  for 
testing.     This   machine   offers   particularly   attractive 
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possibilities  for  use  on  unpaved  rural  roads,  and  may  be 
the  means  of  effecting  a  considerable  saving  in  the  cost 
of  future  traffic  surveys. 

Numerous  attempts  have  been  made  to  develop 
detecting  units  of  other  types,  including  the  use  of 
hydraulic  tubes  on  the  road  surface,  sound  equipment, 
and  magnetic  circuits,  but  thus  far  none  of  these 
attempts  has  proved  successful. 

The  requirements  of  a  satisfactory  portable  machine 
have  been  considered  to  be: 

1.  Continuous  operation  for  8  days  wit  bout  attention. 

2.  Reliable  timing  with  error  no  greater  than  5  min- 
utes in  24  hours. 

3.  Efficient  counting  on  both  paved  and  unpaved 
roads. 

4.  Printing  of  the  cumulative  traffic  total  once  each 
hour  on  the  hour. 

5.  Installation  to  be  accomplished  by  1  man  in 
about  15  minutes. 

SUMMARY 

Experience  in  the  development  and  use  of  automatic 
traffic  recorders  indicates  that  they  are  a  practical 
means  of  obtaining  traffic  records  needed  in  planning 
future  highway  and  street  improvements.  Present  de- 
velopments can  be  summarized  as  follows: 

1.  Three  hundred  and   forty-four  automatic   traffic 


An  Action  Program  to  Advance  Safety  on  the  Highways 
(Continued  from  page  ■  W I 

Government  would  be  the  establishment  of  an  inter- 
departmental committee  with  representatives  assigned 
from  all  of  the  Federal  organizations  which  now  have 
authority  over,  and  responsibility  for,  elements  of  the 
safety  problem  under  the  Federal  laws.  In  addition 
to  this  official  organization  there  should  be  an  advisory 
committee  composed  of  representatives  of  the  important 
national  associations  which  are  engaged  in  the  traffic 
safety  field  in  its  broad  aspects.  This  plan,  together 
with  the  plan  of  organization  of  the  State  safety  au- 
thority, would  form  a  complete  national  structure  for 
the  formulation  of  an  adequate  nation-wide  program 
and  its  effective  operation. 

8.  ^1  national  educational  program. — One  of  the  most 
assuring  steps  that  has  been  taken  in  the  field  of  educa- 
tion is  the  action  by  the  National  Education  Association 
and  the  American  Association  of  School  Adminis- 
trators to  prepare  a  yearbook  on  safety.  This  impor- 
tant undertaking  will  be  supplemented  by  various 
bulletins  and  other  useful  material  to  he  distributed 
to  all  the  public  schools  of  the  country  to  serve  as  a 
background  for  sound  safety  instruction  to  school 
children.  Too  much  emphasis  cannot  be  placed  upon 
the  importance  of  this  whole  activity. 

One  of  the  most  valuable  contributions  to  a  per- 
manent   safety    program    which    will    doubtless    result 


recorders  located  on  all  types  of  roads  are  now  in  use 
throughout  the  country,  accurately  counting  and  re- 
cording, hour  by  hour,  all  passing  vehicles. 

2.  Records  now  being  obtained  from  automatic 
traffic  recorders  are  making  available  to  traffic  engineers, 
for  the  first  time,  complete  traffic  records  for  a  large 
number  of  selected  points  which  can  be  used  in  studying 
the  fluctuations  in  traffic  flow. 

3.  With  a  knowledge  of  the  fluctuations  in  traffic 
flow,  engineers  can  arrange  future  schedules  for  counting 
traffic  to  produce  the  most  accurate  results  at  minimum 
cost. 

4.  "When  records  are  obtained  over  a  period  of  years, 
predictions  of  future  traffic  volumes  and  future  traffic 
requirements  can  he  made  with  much  greater  accuracy 
than   is  possible  today. 

5.  A  valuable  basis  is  being  provided  for  deriving  and 
checking  factors  for  expanding  short  counts  being  made 
in  the  current  State-wide  highway  planning  surveys. 

(i.  Present  developments  in  the  field  of  portable 
automatic  traffic  recorders  indicate  that  it  is  reasonable 
to  expect  that  in  the  near  future  machines  will  be  used 
extensively  in  making  traffic  counts. 

7.  Machines  are  well  adapted  to  use  in  connection 
with  city  traffic  surveys,  and  it  is  probable  that  they 
will  be  used  extensively  in  cities  in  the  future. 

from  this  organized  study  by  the  educators  will  be  an 
evaluation  and  decision  a-  to  the  supplementary  safetj 
activities  which  should  be  undertaken  or  continued  on 
an  even  broader  scale  in  connection  with  the  public 
schools.  One  of  the  greatest  hopes  for  improved  safety 
conditions  lies  through  the  implanting  of  correct  think- 
ing and  habits  in  those  who  are  now  passing  through  the 
public  schools.  Illustrative  of  these  supplementary 
activities  are  the  driver  training  and  school  patrol 
sponsored  by  the  American  Automobile  Association, 
in  addition,  a  widespread  program  of  public  education 
and  of  specialized  training  of  traffic  officers  and  en- 
gineers is  under  way  by  national  organizations  through 
funds  provided  by  the  Automotive  Safety  Foundation. 
This  list  of  organizations  is  a  notable  one,  and  has  been 
mentioned  in  connection  with  the  formulation  and 
recommendation  of  a  safety  program  for  each  State.2 
Every  indication  points  to  progress  during  the 
coming  year  in  the  safety  movement  far  beyond  that 
made  in  any  previous  year,  but  the  concept  of  adequate 
governmental  organization  and  comprehensive  laws 
must  be  the  objective  continuously  recognized  as 
fundamental  in  the  establishment  of  a  permanent 
safety  program. 

-'  These  organizations  include  the  following:  American  Automobile  Association, 
American  Legion,  Automotive  Safety  Foundation,  General  Federation  of  Women's 
Clubs,  Harvard  Bureau  for  street  Traffic  Research,  Highway  Education  Board, 
International  Association  of  Chiefs  of  Police,  National  Automobile  Dealers  Associa- 
tion, National  Congress  of  Parents  and  Teachers,  National  Grange,  National  .Safety 
Council,  Northwestern  Universitj  Traffic  Safety  Institute. 
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REPORTS  SUBMITTED  TO  INTERNATIONAL 
ROAD  CONGRESS  BY  REPORTERS  FOR 
THE  UNITED  STATES 


THE    EIGHTH    CONGRESS    of    the    Permanent 
International  Association  of  Road  Congresses  con- 
vened at  The  Hague,   Netherlands,  on  Monday, 
June  20,  1938  and  closed  on  Saturday,  June  25,  1938. 
Papers  written  by  reporters  for  the  United  States  dealt 
with  the  following  subjects  in  the  agenda  of  the  ( Congress 

FIRST   SECTION    (CONSTRUCTION    AND   MAINTENANCE) 

First  topic: 

Progress  accomplished,  since  the  Congress  at  Munich, 
in  the  use  of — 

a.  Cement  on  road  surfaces. 

b.  Brick  surfaces. 
Second  topic: 

Progress  accomplished,  since  the  Congress  at  Munich, 
in  the  preparation  and  use  on  roads  of— 

a.  Tar. 

b.  Asphalt. 

c.  Emulsions. 

SECOND    SECTION    (TRAFFIC,  IMPROVEMENT,   AND 
ADMINISTRATION) 

Third  topic: 

Accidents  on  the  road. 

a.  Bases  of  statistics  and  their  unification. 

b.  Determination   of   causes   of  accidents,   and 

means  for  diminishing  them. 
Fourth  topic: 

Segregation,  on  the  route,  of  the  different  means  of 


transportation:  Roads  (one  and  two  lanes),  bicycle 
tracks,  footpaths,  parking  spaces  and  exit  roads, 
crossings  and  crossroads. 

a.  Study  of  the  circumstances  under  which  these 
should  be  recommended  or  advised  against. 

1).  Application  to  automobile  routes. 

FIRST    AND    SECOND    SECTION'S    (COMBINED) 

Fifth  topic: 

Study  and  standard  of  quality  of  a  road  surface  from 
the  viewpoint  of — 

a.  Its  slipperiness  or  ruggedness,  and  its  resis- 

tance to  skidding. 

b.  Its  property  of  reflecting  or  absorbing  light 

(under  artificial  lighting). 
vSixth  topic: 

Study  of  road  subsoils: 

a.  Determination  of  properties  of  subsoils,  test- 

ing methods,  equipment. 

b.  Influence   of   these   properties   on    road   con- 

struction  (base  and  surface)  and  on  road 

maintenance. 
Reports  submitted  to  the  Congress  by  reporters  for 
the  United  States  will  be  published  in  Public  Roads. 
Papers  dealing  with  the  first  and  second  topics  are 
presented  in  this  issue.  The  July  issue  will  contain 
papers  dealing  with  the  third  and  fourth  topics,  and  the 
August  issue  will  contain  papers  dealing  with  the  fifth 
and  sixth  topics. 


PROGRESS  IN  THE  USE  OF  CEMENT  IN  ROAD  SURFACES 

Reported  by  V.  L.  GLOVER,  Engineer  of  Materials,  Division  of  Highways,  Illinois  Department  of  Public  Works  and  Buildings;  Principal  Reporter 

I.  CONCRETE  PAVEMENT 


Introduction. — The  advancement  in  concrete  pave- 
ment technique,  as  a  rule,  is  gradual.  New  ideas, 
whether  they  pertain  to  design  of  pavements,  mate- 
rials, construction  methods,  or  equipment,  frequently 
must  pass  through  an  extended  period  of  development 
before  they  become  generally  accepted.  In  the  follow- 
ing are  included  only  those  which  appear  promising  or 
have  gained  general  acceptance  during  the  last  few 
years. 

Subgrade. — More  attention  than  ever  before  is  being 
given  to  the  selection  and  compaction  of  soils  to  pre- 
vent subsidence  of  fill  material  under  pavement  slabs. 
In  some  instances,  unsatisfactory  subgrade  materials 
are  removed  and  replaced  with  satisfactory  materials. 
Compaction  at  the  optimum  moisture  content  of  the 
soil  by  the  "Proctor  Method"  '  is  rapidly  gaining  favor. 
The  sheepsfoot  roller  is  rapidly  becoming  the  accepted 
type  of  mechanical  equipment  for  use  in  compacting 
embankments. 

Where  subgrade  soils  change  volume  appreciably 
from  absorbed  moisture,  it  has  been  found  that  detri- 
mental distortion  of  the  pavement  can  be  prevented 


i  Engineering  News-Record,  August  31  and  September  7,  21,  and  28,  1933. 
68199-38 1 


by  controlling  the  moisture  content  and  density  of  the 
soil  ahead  of  the  paving.  The  moisture  content  and 
density  desired  are  approximately  equal  to  the  optimum 
moisture  content  and  maximum  density  as  obtained  by 
the  Proctor  Method  and  may  be  determined  by  swell 
tests  on  soil  pats  for  any  soil  on  a  specified  project. 

Mechanical  equipment  for  cutting  and  shaping  the 
subgrade  has  been  improved  and  is  coming  into  in- 
creasing use.  Machines  have  been  developed  which 
can  cut  to  a  depth  of  from  3  to  5  inches  ami  move  the 
excavated  material  by  belt  conveyors  to  the  shoulders. 
In  some  instances  the  conveyors  are  designed  to  permit 
the  load'ng  of  excavated  material  directly  into  trucks. 

Side  forms. — Because  of  the  increased  we'ght  of 
finishing  and  subgrade  equipment  operating  on  the 
side  forms,  there  has  been  a  decided  tendency  toward 
the  use  of  heavier  forms.  The  prevailing  practice 
requires  a  minimum  base  width  of  8  inches  for  forms 
which  are  8  inches  or  more  in  height,  and  there  is  a 
tendency  to  specify  a  base  width  at  least  equal  to  the 
height  of  the  form.  Power-driven  machines  known  as 
form  graders,  designed  to  cut  a  true  subgrade  on  which 
to  set  the  forms  and  so  give  them  better  and  more 
uniform  support,  are  in  common  use,  and  mechanical 
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Figure  1. — Typical  4-Lane  Concrete  Pavement. 


equipment  for  tamping  soil  under  the  forms  has  been 
successfully  employed. 

Pavement  cross  section. — The  thickened-edge  pave- 
ment design  is  generally  used.  The  increase  in  thick- 
ness of  the  edges  is  usually  accomplished  in  a  uniform 
slope  from  the  center  thickness  to  the  edge  thickness 
in  the  outer  2  to  4  feet  of  the  cross  section.  Occasion- 
ally the  edges  are  of  a  uniform  thickness  over  the  outer 
1  or  2  feet  of  the  cross  section  and  the  edge  thickness  is 
reduced  in  a  uniform  slope  to  meet  the  center  thickness 
at  from  3  to  4  feet  from  the  edges. 

There  is  a  marked  tendency  toward  the  selection  of 
a  pavement  design  for  any  given  project  on  the  basis  of 
traffic  requirements,  taking  into  consideration  the 
volume  and  weight  of  traffic  loads  and  the  condition  of 
the  subgrade.  Where,  in  the  past,  only  one  standard 
pavement  design  was  used,  regardless  of  frequency  and 
weight  of  wheel  loads,  two  or  more  standard  designs 
are  often  employed  to  suit  the  different  traffic  and  sub- 
grade  conditions  encountered.  For  normal  heavily 
traveled  rural  highways  common  practice  supplies  a 
section  9  inches  thick  at  the  edges  and  6  inches  thick  at 
the  center,  for  heavy-duty  pavements  10  inches  at  the 
edges  and  7  inches  at  the  center.  Where  the  subgrade 
has  high  supporting  value  and  traffic  is  fairly  heavy 
8  inches  at  the  edges  and  b}{  inches  at  the  center  may 
be  used,  but  in  no  case  are  sections  less  than  7  inches 
at  the  edges  and  5  inches  at  the  center  permitted. 

Of  the  methods  available  for  computing  stresses  to 
determine  the  required  cross  section  for  given  traffic 
loads  and  subgrade  conditions,  the  mathematical  analy- 
sis developed  by  Dr.  H.  M.  Westergaard,  Dean  of  the 
Graduate  School  of  Engineering,  Harvard  University,2 
is  undoubtedly  the  most  adaptable  to  the  variable  con- 
ditions encountered.  With  proper  selections  of  con- 
stants, and  taking  into  account  that  wheel  loads  are 

2  Public  Roads,  Vol.  7,  No.  2,  April  1920;  and  Vol.  14,  No.  10,  December  1933. 


dynamic  forces,  stresses  may  be  reliably  calculated  by 
this  method,  which,  however,  like  others  available,  does 
not  apply  directly  to  the  calculation  of  stresses  in  thick- 
ened-edge designs. 

By  comparing  section  moduli  of  the  most  heavily 
stressed  section  of  the  pavement  corners  of  thickened- 
edge  designs  with  those  of  the  corners  of  pavements  of 
uniform  thickness,  an  approximately  "equivalent  uni- 
form thickness"  may  be  determined  for  corners  of  any 
thickened-edge  design,  and  Dr.  Westergaard's  method 
may  then  be  applied.  Similar  procedure  cannot  be 
followed  in  the  case  of  an  unbroken  edge  of  a  thickened- 
edge  pavement.  Dr.  Westergaard's  method  applies 
directly  to  the  design  of  the  interior  thickness.  In 
pavements  where  adjacent  corners  are  mutually  sup- 
ported by  dowels  or  other  devices,  and  where  increased 
edge  thickness  is  obtained  in  the  outer  2  feet,  a  fairly 
balanced  design  is  obtained,  as  far  as  load  stresses  are 
concerned,  when  the  center  thickness  is  about  two- 
thirds  of  the  edge  thickness. 

An  empirical  method  of  determining  the  "equivalent 
uniform  thickness"  of  corners  of  thickened-edge  designs 
was  developed  by  Frank  T.  Sheets,  Consulting  Engi- 
neer, Portland  Cement  Association,3  who  also  suggests 
empirical  formulas  for  design. 

A  pavement  design  balanced  as  to  load  stresses  alone 
is  strictly  sufficient  only  in  case  of  very  short  slabs. 
Recent  investigation  4  indicates  that  the  value  of  the 
thickened  edge  from  the  standpoint  of  load  stresses 
may  be  entirely  nullified  in  long  slabs  by  increased 
warping  stresses,  and  that  warping  stresses  become 
unimportant  only  in  a  very  short  slab  length,  possibly 
as  short  as  10  feet.  Whether  these  facts  will  affect 
materially  the  trend  in  pavement  design  remains  to  be 
seen. 


3  Concrete  Road  Design,  Simplified  and  Correlated  with  Traffic  (3d  Edition), 
published  by  the  Portland  Cement  Association,  Chicago,  111. 
*  Public  Roads,  Vol.  16,  No.  10,  December  1936. 
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Figure 


Plant  for  Proportioning  Separated  Sizes  of  Coak.sk  Aggregate, 


The  width  of  traffic  lanes  is  being  increased  from  9 
feet  to  as  much  as  12  feet  because  of  the  increase  in 
speed  of  motor  vehicles  and  the  increase  in  width  of  the 
larger  units.  This  additional  width  of  lane  ma}'  be 
expected  to  increase  the  capacity  and  add  to  the  safety 
of  the  highways. 

Roadways  of  four  or  more  lanes  (see  fig.  1 )  are  often 
used,  depending  upon  the  volume  of  traffic.  Division 
of  the  traffic  streams  by  a  medial  zone  is  becoming  more 
and  more  frequent  where  four  or  more  traffic  lanes  are 
required.  The  width  of  the  medial  zone  varies  from  a 
few  feet  to  a  maximum  of  40  feet,  depending  upon  the 
cost  and  ease  of  acquiring  the  right-of-way,  construc- 
tion costs,  and  the  location  and  character  of  the  high- 
way. On  special  roads  known  as  parkways,  designed 
mainly  for  recreational  use,  greater  widths  are  used, 
ranging  up  to  200  feet. 

Materials. — Rigid  adherence  to  high  standards  has 
materially  raised  the  general  level  of  the  quality  of 
aggregates  furnished  for  concrete.  The  same  is  true  of 
improvement  in  the  uniformity  of  gradation,  which  has 
been  advanced  particularly  by  the  practice  of  shipping 
to  the  construction  site  coarse  aggregates  in  two  or  more 
sizes  and  recombining  them  during  the  process  of  pro- 
portioning. (See  fig.  2.)  This  practice,  by  reason  of 
the  fact  that  the  relation  between  the  amounts  of  the 
different  sizes  may  be  changed  when  occasion  demands, 
provides  also  added  opportunity  for  adjustment  of  the 
concrete  mixture  to  obtain  the  most  satisfactory  results. 

The  use  of  bulk  cement  has  increased  and  satisfactory 
methods  of  handling  and  batching  it  have  been  devel- 
oped. Its  use  is  in  general  preferred  because  of  re- 
duced cost  and  because  of  the  fact  that  the  size  of  the 
batch  is  readily  adjusted  to  the  full  capacity  of  the 


mixer  without  added  labor,  as  would  be  necessary  in 
weighing  out  fractional  sacks  where  sacked  cement  is 
used. 

There  is  a  growing  tendency  to  demand  cements 
manufactured  under  restricted  specifications  to  suit 
certain  needs.  Much  uncertainty  exists  in  regard  to 
the  necessity  of  controlling  the  composition  of  portland 
cement  to  improve  durability,  but  it  is  the  opinion  of 
many  that  this  property  has  been  overlooked  to  some 
degree  hi  the  desire  to  produce  high  strength.  The 
effect  of  varying,  through  wide  limits,  the  composition 
of  cement  has  been  investigated  by  several  agencies, 
especially  with  reference  to  the  effect  on  the  resistance 
of  concrete  to  freezing  and  thawing.  However,  no 
satisfactory  answer  to  this  problem  has  as  yet  been 
obtained.  There  is  some  inclination  to  limit  the 
amount  of  tri-calcium  aluminate  in  an  effort  to  improve 
durability. 

Entirely  distinct  from  disintegration  due  to  frost 
action  is  a  type  of  failure  which  takes  the  form  of 
abnormal  expansion  of  the  concrete  and  which  some- 
times does  not  develop  until  after  several  years  of 
service.  When  this  expansion  is  restrained,  multiple 
cracking  followed  by  ravelling  and  ultimate  disin- 
tegration results.  There  is  evidence  indicating  that 
this  type  of  failure  is  due  to  so-called  "delayed  unsound- 
ness," probably  caused  by  hard-burned  free  lime  or 
magnesia  in  the  cement,  the  effect  of  which  is  not 
revealed  in  the  standard  soundness  test.  To  guard 
against  this  type  of  failure,  portland  cement  manu- 
facturers have  recently  adopted  an  "autoclave"  test 
in  which  the  constancy  of  volume  of  a  standard  bar  of 
neat  cement  is  observed  in  an  atmosphere  of  steam  at 
420°  F.  for  3  hours. 
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Proportions.-  Because  of  the  high  strength  of  modern 
Portland  cements,  a  much  higher  concrete  strength  is 
now  obtainable  with  a  given  cement  content  and  water- 
cement  ratio  than  was  formerly  possible.  As,  to  insure 
maximum  durability,  it  is  necessary  to  hold  the  water- 
cement  ratio  within  certain  limits  dependent  upon 
exposure  conditions,  the  application  of  the  water- 
cement  ratio  to  the  design  of  mixtures  is,  under  some 
conditions,  limited.  For  instance,  under  the  severe 
winter  conditions  of  the  northern  part  of  the  United 
States  it  is  not  considered  good  practice  to  use  a  water- 
cement  ratio  by  volume  exceeding  0.8  even  though  the 
strength  of  the  resulting  concrete  may  exceed  the  design 
requirements.  For  this  reason  the  proportion  of 
cement  in  concrete  paving  mixtures  employed  in  the 
northern  part  of  the  country  is  seldom  less  than  6  sacks 
per  cubic  yard  and  is  frequently  higher.  In  the  South, 
where  favorable  climatic  conditions  obtain,  the  cement 
content  is  frequently  as  low  as  5.5  sacks  per  cubic  yard 
and  sometimes  lower, 

Transverse  joints. — Early  in  1934  the  United  States 
Bureau  of  Public  Roads  required  that  expansion  and 
con ti action  joints  should  be  used  in  all  concrete  pave- 
ments involving  the  expenditure  of  Federal  funds. 
This  has  stimulated  the  general  use  of  transverse  joints. 
Previous  to  that  time,  many  States  omitted  joints 
entirely  or  placed  them  at  long  intervals. 

The  Federal  Bureau  requires  that  expansion  joints 
not  less  than  three-fourths  inch  wide  be  placed  at  inter- 
vals not  exceeding  100  feet  in  length.  In  practice  the 
spacing  ranges  from  40  to  100  feet.  The  Bureau  also 
requires  that  contraction  joints  be  placed  between  the 
expansion  joints  so  that  the  transverse  joint  spacing 
shall  not  exceed  30  feet.  In  practice  the  transverse 
joint  interval  ranges  from  10  to  30  feet,  generally  from 
20  to  30  feet.  Such  spacings  are  intended  to  form  slab 
lengths  sufficiently  short  to  reduce  transverse  cracking 
materially.  Only  the  shortest  spacings,  however,  may 
be  expected  to  relieve  restraint  against  temperature 
warping  at  all  points.4 

Types  of  joints  and  joint  materials  are  manifold. 
The  most  common  types  of  fillers  for  expansion  joints 
used  previous  to  1933  were  premolded  bituminous  felt 
and  poured  bituminous  materials.  Bituminous  tillers 
have  the  fault  of  extruding  during  expansion  of  the 
pavement  and  causing  a  rough  riding  surface.  Lacking 
resiliency,  they  also  fail  to  return  to  the  widening  joint 
when  the  pavement  contracts  and  so  permit  infiltration 
of  inert  material  into  the  joints  which  renders  them 
thereafter  inoperative  for  expansion  purposes. 

Recently  various  types  of  nonextruding  joint  fillers 
have  been  used.  Among  these  are  cork,  rubber,  wood 
or  cane  fiber,  and  granular  materials  such  as  sawdust 
and  cottonseed  hulls.  These  fillers  eliminate  the 
bumps  due  to  extruded  material,  but  they  are  dependent 
upon  a  proper  sealing  material  to  prevent  infiltration  of 
water  and  inert  material.  A  recent  development  is  the 
air-cushion  joint,  which  is  provided  with  a  seal  of  thin 
sheet,  copper  at  the  top  and  ends  of  the  joint.  These, 
however,  have  not,  been  in  use  for  a  sufficient  length  of 
time  to  determine  their  merits  definitely.  It  is  recog- 
nized that  the  behavior  of  the  various  filler  materials 
cannot  be  dissociated  from  the  slab  lengths  with  which 
they  are  used.  Fillers  that  act  poorly  with  long  slabs 
perform  much  better  when  used  with  short  slabs  be- 
cause of  smaller  movements  at  the  joint. 
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The  contraction  joints  used  are  generally  of  the 
weakened  plane  or  the  dummy  types.  The  weakened- 
plane  type  is  ordinarily  formed  by  inserting  a  deformed 
or  straight  metal  plate  in  the  concrete  for  the  full  or 
part  depth  of  the  slab,  causing  the  slab  to  crack.  In 
some  designs  the  metal  plate  is  provided  with  a  copper 
seal  to  prevent  the  infiltration  of  water  and  dirt.  The 
dummy  contraction  joint  usually  consists  of  a  groove 
1/2  to  3  inches  in  depth  formed  in  the  surface  of  the 
pavement.  The  groove  is  filled  with  either  poured  or 
premolded  bituminous  filler. 

At  present  it  is  believed  that  adequate  provision  for 
crack  control  and  proper  load  transfer  across  joints  will 
add  to  the  service  life  of  pavements  and  reduce  mainte- 
nance costs,  and  it  may  be  expected  that  this  problem 
will  receive  serious  study  in  the  future. 

Longitudinal  joints. — The  use  of  longitudinal  joints 
at  lane-width  intervals  has  now  become  universal  in  the 
United  States.  Their  use  prevents  practically  all  longi- 
tudinal cracking  and  reduces  curling  of  the  slabs.  The 
usual  practices  employed  in  the  formation  of  longitudi- 
nal joints  are:  (1)  The  deep  cutting  of  the  surface  of 
the  pavement  to  induce  the  formation  of  a  crack;  or 
(2)  the  insertion  of  deformed  metal  plates.  Tie  bars, 
generally  %-inch  rods  extending  about  1  foot  into  the 
pavement  at  each  side  of  the  joint  at  longitudinal 
intervals  of  2}{  feet,  serve  to  hold  the  sections  together 
and  insure  load  transfer  across  the  joints.  In  some  of 
the  States  of  the  United  States  each  lane  is  now  being 
built  as  an  independent  slab  with  both  edges  thickened. 

Load  transmission-devices. — That  a  free  edge  in  a 
pavement  is  structurally  weak  has  been  shown  by 
theoretical  analysis,  investigation,  and  experience. 
Some  means  of  strengthening  the  edges  of  slabs  at  trans- 
verse joints  is  therefore  necessary  in  order  to  obtain  a 
pavement  of  balanced  design.  This  is  necessary  at 
contraction  as  well  as  expansion  joints.  In  some  in- 
stances this  has  been  accomplished  by  the  use  of  special 
reinforcement  along  the  joints,  or  by  thickening  the 
ends  of  the  slabs  at  the  joints  in  tho  same  manner  as  the 
outside  edges  are  thickened.  These  methods  have  not 
in  all  instances  been  entirely  successful  and  have  never 
been  used  extensively  in  the  United  States.  Load 
transfer  devices,  however,  which  provide  mutual  sup- 
port between  adjacent  slab  ends  have  come  into  general 
use  during  the  last  few  years. 

The  most  common  load-transfer  device  is  the  dowel 
bar.  These  are  usually  of  %-inch  diameter,  24  inches 
long,  and  spaced  from  12  to  15  inches  along  the  joints. 
One-half  the  length  of  each  dowel  is  painted  and  oiled 
to  provide  for  slippage  and  a  metal  cap  is  placed  around 
the  end  to  form  a  space  in  which  the  dowel  slips  during 
movement  of  the  pavement.  Other  shapes  such  as 
T-bars,  angles,  channels,  (hit  plates,  and  pipes,  have 
been  used  in  place  of  dowel  bars  for  expansion  joints, 
because  of  their  greater  bearing  area  and  greater  stiff- 
ness for  the  same  weight  of  metal.  Recently  a  short 
dowel  bar  with  close  lilting  metal  sleeve  which  provides 
additional  bearing  area  on  the  concrete  has  been  de- 
veloped and  used  quite  extensively  with  apparently 
good  results.  There  are  also  many  load-transfer 
devices  on  the  market  today.  Some  are  designed  as 
an  integral  part  of  the  joint,  and  others  can  be  used 
with  any  joint  filler. 

Recent  investigation  6  seems  to  indicate  that  doweled 
transverse,  joints  are  effective  in  relieving  stresses 
caused   by  expansion,   contraction,   and    warping,   but 

»  Public  Roads,  vol.  17,  No.  8,  October  1936. 


Juno  1938 


PUBLIC  ROADS 


57 


that  they  are  not  as  effective  as  might  be  desired  in 
relieving  load  stresses  near  the  joint  edge.  Further 
investigation  and  tests  are  under  way  in  many  Stales 
which,  together  with  observations  of  installations  in 
service,  should  supply  data  on  which  definite  conclu- 
sions can  be  based. 

Reivjorcing. — While  there  have  been  no  recent  out- 
standing developments  in  the  use  of  reinforcing  steel  in 
concrete  pavements,  there  is  an  increasing  tendency 
toward  the  use  of  moderate  amounts  of  distributed 
reinforcement;  and  there  is  a  pronounced  feeling  that 
the  possibilities  of  steel  reinforcement  have  not  been 
sufficiently  explored.  As  used  in  the  United  States, 
the  reinforcement  is  not  designed  to  prevent  either  ten- 
sile or  llexural  cracking.  The  common  practice  employs 
a  single  layer  of  well-distributed  reinforcement  con- 
sisting of  comparatively  small  members  closely  spaced 
to  prevent  the  opening  or  widening  of  cracks.  Large 
members,  widely  spaced,  are  not  as  effective  for  this 
purpose.  The  average  usage  employs  from  50  to  .r)f> 
pounds  of  steel  per  100  square  feet  and  places  it  2 
inches  below  the  pavement  surface,  with  members 
spaced  not  more  than  12  inches  apart  longitudinally 
and  traversely. 

Vibration. — In  the  placing  of  structural  concrete 
there  has  been  recently  a  rapid  increase  in  the  use  of 
high-frequency  mechanical  vibration  as  an  aid  toward 
the  production  of  stronger,  denser,  and  more  economical 
concrete  than  can  be  obtained  by  ordinary  hand-placing 
methods.  The  progress  in  applying  the  same  principle 
in  the  placing  of  pavement  concrete  has  been  slower, 
possibly  because  of  the  difficulty  of  designing  vibratory 
equipment  suitable  for  the  purpose. 

The  United  States  Bureau  of  Public  Roads  and 
several  States,  by  constructing  experimental  sections 
of  pavement  with  vibratory  equipment,  have  contrib- 
uted most  of  the  information  that  is  available  on  the 
subject.  Preliminary  investigations,  in  which  I  be 
proportions  of  materials,  consistency  of  the  mixture, 
and  quality  of  the  resulting  concrete  were  given  a 
thorough  study,  have  been  followed  by  investigations  on 
regular  contract  sections  to  study  the  practicability 
of  the  method  for  general  admission  under  specifications 
for  concrete  pavement  construction.  The  results 
obtained  show,  in  general,  considerable  advantage  of 
the  vibratory  methods  over  the  conventional  methods. 

It  has  been  fairly  well  established  that  concrete, 
unworkable  by  conventional  means  of  placing,  follows 
the  same  laws  as  concrete  of  consistencies  employed 
with  conventional  finishing  methods,  when  it  is  made 
plastic  by  vibration  during  the  process  of  placing.  In 
other  words,  vibration  imparts  no  new  property  to  the 
concrete  and  the  water-cement  and  voids-cement  ratio 
laws  still  hold  good. 

From  the  standpoint  of  economy  the  advantages  of 
vibration  are  established  without  doubt.  Dry  and 
harsh  mixtures  of  from  }{  to  1-inch  slump,  formed 
either  by  reducing  the  water-cement  ratio  or  by  using 
additional  aggregate  above  that  used  with  conventional 
methods,  have  been  satisfactorily  placed  by  use  of  the 
vibratory  method.  In  either  case  it  has  been  necessary 
to  reduce  the  proportion  of  fine  to  coarse  aggregate  in 
order  to  obtain  mixtures  suitable  for  use  with  the 
vibratory  equipment.  The  increase  in  strength,  ob- 
tained at  no  increase  in  cost  of  materials  by  lowering 
the  water-cement  ratio,  has  amounted  to  about  10 
percent.6     Reduction  in  the  cost  of  the  concrete,   by 
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Figure  3. — Finishim;    Machine    with    Vibrators    Mounted 
on  the  Front  Screed. 

saving  from  10  to  15  percent  of  the  cement,  has  been 
obtained  without  sacrifice  in  strength  by  increasing  the 
amounts  of  the  aggregates  and  maintaining  the  water 
cement  ratio  employed  with  the  conventional  method. 
In  addition,  the  vibrated  concrete  has  been  found  to 
be  more  dense,  less  absorptive,  and  less  honeycombed 
than  that  placed  by  conventional  methods. 

The  vibratory  equipment  used  on  regular  contract 
sections  has  proved  entirely  practical.  No  mechanical 
difficulty  of  any  consequence  has  been  encountered. 
No  increase  in  construction  personnel  has  been  neces- 
sary, because  the  additional  labor  required  to  spread 
the  concrete  has  been  offset  by  the  elimination  of  the 
necessity  of  spading  adjacent  to  the  forms.  No  addi- 
tional equipment  has  been  necessary.  The  concrete 
has  been  consolidated  satisfactorily  around  the  trans- 
verse joints  without  damaging  them,  and  the  rate  of 
progress  has  been  at  least-  as  satisfactory  as  when 
conventional  equipment  and  methods  were  used. 

The  principles  of  both  surface  and  internal  vibration 
have  been  applied  to  placing  concrete  pavements,  al- 
though up  to  the  present  time  the  former  perhaps  has 
been  most  used.  The  frequency  of  vibration  in  most 
instances  is  3,600  impulses  per  minute  or  slightly  more. 

Surface  vibration  has  been  accomplished  by  mount- 
ing vibrator  units  on  the  front  screed  of  the  finishing 
machine  (sec  fig.  3)  or  by  mounting  them  on  a  pan 
between  the  screeds  and  independent  of  the  screeds. 
Both  methods  have  given  very  good  results.  Another 
method  adapts  the  principle  of  internal  vibration  by 
mounting  vibrator  units  on  a  pipe  suspended  in  the 
concrete  ahead  of  the  finishing  machine.  By  still 
another,  the  vibratory  action  is  applied  through  a  shaft, 
with  protruding  pins,  which  is  made  to  travel  on  the 
forms  ahead  of  the  finishing  machine.  These  two  latter 
methods  are  relatively  untried  at  the  present  time. 
Other  methods,  such  as  an  arrangement  by  which  the 
concrete  is  vibrated  as  it  passes  through  the  throat  of 
a  hopper  from  which  it  is  spread  on  the  subgradc,  are 
in  the  development  stage. 

It  is  felt  that  the  maximum  advantages  that  may  be 
had  through  the  use  of  vibration  have  not  yet  been 
obtained.  It  should  be  possible  to  place  and  finish 
still  drier  and  harsher  mixtures  and  obtain  concrete  of 
still  greater  density  and  durability.  To  achieve  this 
cud  it  will  be  necessary  to  redesign  other  units  of  the 
production   equipment  to  handle  the  material.     This 
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DEVELOPMENTS  IN  BRICK  PAVEMENTS  IN  THE  UNITED  STATES 
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Paving  Brick  Association;  JOHN  S.  CRANDELL,  Professor  of  Highway  Engineering,  University  of  Illinois;  and  ROY  L.  PHILLIPS,  City  Engineer,  Meadville, 
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INTRODUCTION 

TIIIO  brick  pavement  structure  as  constructed  in  the 
United  States,  consists  essentially  of  the  three 
following  component  parts.  The  surface  course  is 
composed  of  rectangular  vitrified  clay  units  assembled 
in  regular  pattern  with  the  joints  or  interstices  com- 
pletely filled  and  scaled,  binding  the  units  together. 
The  bed  or  cushion  course,  is  a  thin  layer  of  granular 
material  on  which  the  paving  brick  units  are  laid  and 
embedded  and  which  will  permit  slight  adjustments 
necessitated  by  irregularities  in  the  foundation  or  by 
permissible  variations  in  the  depths  of  the  brick. 
The  base  course  or  foundation,  supports  the  bed  and 
surface  and  distributes  traffic  loads  to  the  subgrade. 

PAVING  BRICK  UNIT 

Manufacture.  —Paving  brick  are  formed  by  what-  is 
known  as  the  "stiff-mud"  process  of  clay  products 
manufacture.  The  shale  or  clay  after  being  ground 
very  fine  is  thoroughly  mixed  with  water  to  the  proper 
consistency.  A  powerful  auger  then  forces  the  stiff 
mixture  through  a  die  on  to  a  moving  belt  in  the  form 
of  a  column.  This  column  is  carried  to  the  cutter  where 
taut  wires  automatically  cut  it  into  brick  units.  In 
so-called  vertical  fiber  paving  brick  the  width  and  length 
are  determined  by  the  dimensions  of  the  die  and  the 
depth  by  the  spacing  of  the  wires  on  the  cutter.  In  the 
wire-cut-lug  type  the  depth  is  the  shorter  dimension  of 
the  die  and  the  lugs  are  formed  by  an  eccentric  motion 
given  to  the  cutting  wires.  In  this  type  the  smooth  or 
die  side  of  the  brick  is  in  the  surface  of  the  pavement. 
When  the  brick  are  re-pressed  before  burning  the 
surface  is  also  smooth. 

Formerly  the  re-pressed  and  the  wire-cut-lug  types 
were  in  general  use  and  their  preference  was  in  a  large 
degree  based  on  their  having  side  lugs  considered  essen- 
tial for  the  proper  filling  and  sealing  of  the  joints. 
However,  the  manufacture  of  brick  having  a  wire-cut 
wearing  surface  with  lugs  on  the  side  and  ends  is  now 
commercially  practical  and  this  type,  known  as  vertical 
fiber  lug,  is  now  the  most  popular  single  variety  in  use 
in  the  United  States.  Regardless  of  the  type  of  Vitrified 
paving  unit  that  may  result  from  future  developments  it 
will  undoubtedly  have  a  roughened  or  deformed  wearing 
surface  of  nonskid  character. 

De-aired  brick. — Most  paving  brick  plants  are 
equipped  with  machinery  for  evacuating  the  air  from 
the  mixed  clay  or  shale  during  the  process  of  manufac- 
ture. De-airing  with  proper  methods  will  produce  a 
brick  of  greater  strength  and  density  and  improved  reg- 
ularity of  shape.  Glassy  structure  causing  brittleness 
must  be  guarded  against  and  accurate  control  in  manu- 
facture is  necessary  in  order  to  obtain  the  full  advan- 
tages of  the  process.  The  Research  Bureau  of  the 
National  Paving  Brick  Association  at  the  Ohio  State 
University  Experimental  Station  at  Columbus,  Ohio, 
has  made  observations  on  the  internal  structure  of  pav- 
ing bricks  manufactured  with  various  degrees  of  vacuum 

1  The  following  information  was  submitted  by  the  reporters  listed  and  organized 
into  one  report  by  the  principal  reporter.  Information  on  Manufacture  Specifi- 
cations, Construction  Methods,  Fillers,  and  Base  Courses  was  furnished  by  Mr 
.Schlesinger.  The  section  on  Bed  Courses  was  written  by  Professor  Crandell  Mr 
Phillips  submitted  the  information  on  Municipal  Use. 


and  methods  of  forming  with  a  view  to  the  further  per- 
fecting of  plant  practices.  In  some  cases  authorities 
have  specified  that  the  paving  brick  be  de-aired  although 
usually  the  physical  requirements  govern  with  no  men- 
tion of  the  method  of  manufacture.  In  the  brick  to  be 
used  for  paving  the  first  tube  of  the  new  Lincoln  Tunnel 
under  the  Hudson  River  in  New  York  City,  a  maximum 
of  18  percent  rattler  loss  for  3  by  4  by  8^-inch  de-aired 
brick  is  the  requirement. 

Standard  types  and  sizes. — Since  1921  the  Division  of 
Simplified  Practice  of  the  United  States  Bureau  of 
Standards,  through  a  committee  composed  of  repre- 
sentatives of  engineering  and  technical  societies,  has 
annually  recommended  a  standard  list  of  sizes  and 
varieties  of  paving  brick.  The  current  recognized  list  is 
given  in  table  1. 

Table  1.      Sinn, lard  list  of  sizes  and  varieties  of  paving  brick 


Variety 

Size 

1936  ship- 

Depth 

Width 

Length 

ments 

Repressed  Lug 

Vertical  fiber  lug    . 

Inches 
4 

3 

m 

Inches 
3H 
4 
4 
4 

Inches 

m 

8^ 

Percent 
7.  1 
12.8 

Do. 

51.3 

Do.. .     

9.3 

Total.. 

80.5 

It  will  be  noted  that  the  list  does  not  contain  lugless 
varieties  wliich  at  one  time  were  in  general  use  in  the 
western  part  of  the  United  States.  The  proportion  of 
vertical  fiber  lug  brick  shipped  in  1936  (73.4  percent) 
is  the  greatest  for  any  type  since  standardization  was 
initiated. 

Specifications. — Practically  all  standard  specifications 
for  the  physical  qualities  of  paving  brick  used  in  the 
United  States  are  identical  with,  or  in  essential  details 
are  based  on  those  of  the  American  Society  for  Testing 
Materials.2  The  requirements  in  regard  to  the  abrasive 
loss  in  the  rattler  test  are  sometimes  varied  (usually 
downward  from  the  A.  S.  T.  M.  requirements)  to 
apply  to  the  quality  of  brick  available  in  a  particular 
locality.  The  standard  specification  for  paving  brick 
of  the  A.  S.  T.  M.  was  revised,  in  1937.  The  most 
notable  innovation  in  the  new  specification  is  the 
additional  requirement  to  the  rattler  test  limiting  the 
number  of  broken  pieces  weighing  1    pound  or  more. 

Some  specifications,  notably  those  of  the  Highway 
Department  of  the  State  of  Ohio  which  is  a  large  user 
of  paving  brick,  had  in  recent  years  added  a  test  for 
flexural  strength.  An  investigation  indicated  that 
there  was  close  coordination  between  broken  brick 
in  the  rattler  and  low  flexural  strength.  It  is  believed 
that  a  broken  brick  limitation  will  be  more  determinate 
than  the  flexural  test  in  that  it  will  detect  brick  that 
have  minute  cracks  on  only  one  surface.  In  addition 
it  is  considered  a  criterion  of  toughness.  This  is  the 
first  time  that  the  rattler  test,  which  was  devised  in 
the  United  States,  has  been  modified,  although  it  is 
realized  that  its  application  by  stages  is  a  part  of  paving 
brick  testing  in  Holland. 

1  American  Society  of  Testing  Materials  Designation  C7— 37  T. 
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While  the  type  and  quality  of  the  paving  brick  unit 
is  a  matter  of  fundamental  importance,  its  method  of 
utilization  is  at  least  of  equal  moment.  Brick  in  the 
pavement  are  surrounded  and  supported  by  a  number 
of  other  materials  of  construction.  The  excellence  of 
the  pavement  structure  as  a  whole  is  the  objective  of 
design  and  construction  requirements.  Most  of  the 
researches  and  developments  concern  improvements  in 
what  may  be  termed  "auxiliary  materials"  and  the  man- 
ner in  which  they  are  used. 

Bed  course. — For  many  years  the  sand  cushion  has 
been  used  throughout  the  world  as  the  standard  type  of 
bed  course  on  which  to  lay  paving  brick.  In  1920  a  new 
type  was  tried  at  Syracuse,  N.  Y.  It  consisted  of  a 
mixture  of  light  refined  tar  and  clean,  sharp  sand  in  the 
proportion  of  7  percent  coal  tar  and  93  percent  sand  by 
weight.  These  materials  were  mixed  together  and  laid 
cold.  The  pavement  has  been  examined  from  time  to 
time  since  then  and  it  is  in  excellent  condition  today, 
showing  no  signs  of  movement  of  the  cushion. 

Since  that  time  this  bituminous-bound  type  of  cush- 
ion or  mastic  bed  has  found  favor  in  many  parts  of  the 
United  States,  and  is  now  the  standard  in  several 
States  and  cities.  The  specifications  for  mastic  bed  of 
the  American  Public  Works  Association  (formerly  the 
American  Society  of  Municipal  Engineers 3)  arc  typical 
of  those  in  most  general  use.  In  most  cases  a  liquid 
asphalt  has  been  substituted  for  coal  tar  since  the  as- 
phaltic product  is  cheaper.  If  the  correct  proportion  of 
asphalt  is  used  the  results  seem  to  be  as  good  as  those 
that  are  obtained  with  coal  tar,  but  too  often  the  con- 
tractor has  been  allowed  to  reduce  the  amount  of  as- 
phalt to  as  low  as  3%  percent,  because  he  has  claimed 
that  it  is  difficult  to  work  with  a  mixture  as  "fat"  as 
was  originally  called  for.  This  is  sheer  nonsense,  and 
the  cushions  laid  with  the  leaner  mixes  soon  show  signs 
of  deterioration  and  eventual  failure. 

Water-gas  tar  has  been  used  as  a  binder  to  some  ex- 
tent, but  the  results  have  not  been  generally  satisfac- 
tory, as  evidenced  by  the  Chestnut  Street  pavement, 
Philadelphia,  Pa.  Some  of  the  cut-back  coal  tar  prod- 
ucts have  not  given  good  results  either,  and  their  use  is 
not  recommended.  Asphaltic  emulsions  are  not  satis- 
factory. Best  results  have  been  obtained  with  light, 
refined  straight-run  coal  tars,  as  well  as  those  asphaltic 
cut-backs  which  do  not  cure  too  rapidly. 

The  sand  used  for  bituminous  cushions  is  important. 
It  should  be  clean  and  sharp.  A  rounded  sand,  such  as 
is  often  to  be  found  in  river  bottoms,  or  along  swift 
running  streams,  is,,  in  general,  unsatisfactory,  because 
the  resulting  cushion  is  not  stable.  It  tends  to  be  rolled 
up  into  the  joints  when  the  power-roller  passes  over 
the  brick.  A  sharp  sand  resists  this  tendency,  and  the 
cushion  made  with  it  stays  where  it  is  deposited. 

More  recently  experiment  has  been  made  with  rock 
asphalt  as  a  cushion  course.  A  lean  rock  asphalt  has 
been  tried,  containing  about  3  percent  of  asphalt. 
It  seems  to  have  some  points  of  superiority,  such  as 
ease  of  handling,  and  a  tendency  to  set  up  and  resist 
movement  under  the  wearing  surface.  It  is  too  early, 
however,  to  present  a  full  report  on  this  as  the  sections 
observed  in  this  country  have  been  in  use  less  than  2  years. 

In  the  early  practice  the  bedding  course  or  cushion 
varied  in  thickness  to  accommodate  irregularities  in 

3  American  Society  of  Municipal   Engineers,   Standard   Specification  ,  sdopled 
October  1935. 


the  roughly  finished  base.  This  frequently  resulted 
in  shifting  of  the  cushion  with  consequent  effect  on  the 
brick  surface.  Present  design  calls  for  a  much  thinner 
bed  with  a  uniform  thickness  not  greater  than  three- 
fourth  inch,  which  is  possible  because  of  a  correspond- 
ingly smooth  base-course  surface  requirement. 

Fillers. — The  surface-removal  method  of  bituminous 
filler  application  introduced  several  years  ago  has  now 
become  practically  universal  practice  in  the  United 
States.  Immediately  prior  to  the  application  of  the 
filler,  the  brick  are  treated  with  a  separating  agent  of 
lime  and  water,  or  calcium  chloride,  laundry  starch, 
and  water.  These  agents  are  sprayed  on  the  surface 
of  the  brick  in  place  in  the  pavement  in  such  way  as  to 
coat  the  exposed  surface  of  the  brick  without  penetrat- 
ing the  joints.  When  the  separating  coating  has  been 
thus  applied  the  filler  is  poured  directly  into  the  brick 
joints  and  the  surplus  scraped  off  the  top  so  as  to  leave 
the  surface  of  the  pavement  clean  and  the  joints  full. 

Investigations  reported  to  the  Highway  Research 
Board  4  in  1933  and  1934  indicated  that  the  coefficient 
of  friction,  both  rolling  and  sliding,  on  "a  vertical  fiber 
brick  road,  free  of  asphalt  filler"  was  relatively  high. 
Observations  made  on  the  same  pavement  during  the 
second  and  third  }rears  after  completion  indicated  a 
measurable  reduction  in  friction.  According  to  these 
reports,  this  was  caused  by  the  asphalt  progressively 
exuding  from  the  joints  in  hot  weather  and  covering  a 
considerable  percentage  of  the  surface. 

A  prominent  part  of  the  work  of  the  Research  Bureau 
of  the  National  Paving  Brick  Association  has  been  con- 
cerned with  the  development  of  paving  brick  joint 
fillers  that  will  not  exude  in  hot  weather.  Considera- 
tion has  been  given  to  cement  grouts,  bituminized 
cement  grouts,  plasticized  sulphurs,  and  bituminous 
fillers.  Among  the  bituminous  fillers,  comparisons 
have  been  made  between  asphalts  from  different  base 
crudes,  asphalts  of  different  softening  points  and 
penetrations,  asphalt  mastics,  and  straight  pitches  and 
pitch  mastics.  In  the  laboratory  the  properties  and 
behaviors  of  the  fillers  were  observed  and  interpreted 
in  terms  of  practicability.  Special  emphasis  was  given 
to  a  test  wherein  the  exuding  or  receding  tendencies  of 
the  bituminous  fillers  were  observed  by  subjecting 
filled  brick  panels  (about  1  square  yard  in  area)  to 
prolonged  periods  of  simulated  summer  temperatures. 
From  these  tests  a  number  of  fillers  were  selected  as 
worthy  of  actual  pavement  trial. 

In  cooperation  with  the  Oliio  Department  of  High- 
ways and  the  United  States  Bureau  of  Public  Roads,  a 
project  was  planned  and  completed  (November  1935) 
in  which  the  entire  length  of  1%  miles  of  new  brick 
pavement  on  route  31  in  Hocking  County,  Ohio,  was 
allotted  to  a  test  of  fillers.  Of  these  fillers  13  are  in 
sections  exceeding  300  feet  in  length  and  8  in  sections 
somewhat  shorter.  During  construction,  observations 
were  made  to  determine  the  practicability  of  applica- 
tion, including  the  surface  removal  of  the  fillers.  While 
this  pavement  has  been  in  service  but  little  more  than 
2  years,  the  weather  experienced  lias  been  exceptionally 
severe.  During  the  winters  there  have  been  prolonged 
periods  of  subzero  weather.  The  summers,  of  excep- 
tional warmth,  included  periods  during  which  tempera- 
tures exceeded  100°  F. 

The  Ohio  Department  of  Highways,  basing  its  selec- 
tion on  satisfactory  behavior  in  the  test  road  to  date  has 

<  Proceedings  of  the  Highway  Research  Board,  December  1933,  p.  109  and  Decembor 
1934, p.  131. 
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designated  four  of  the  fillers  for  more  extended  use  and 
further  trial  in  brick  pavement  projects.  In  1937  these- 
4  fillers  were  optional  requirements  on  12  projects. 
They  can  he  described  in  general  terms  as  follows: 

1.  A  "blended"  asphalt,  65  percent  midcontinent 

base  and  35  percent  asphaltic  base;  penetra- 
tion at  25°  C.,  23  to  32;  softening  point 
]()1°-110°  C. 

2.  A  blended  asphalt  similar  to  the  above,  with  20 

to  30  percent  finely  divided  mineral  content; 
penetration  at  25°  C.,  17  to  26;  softening  point 
107°7116°  C. 

3.  A  special  coal-tar  pitch;  penetration  at  25°  C, 

35  to  65;  softening  point  60°-75°  C. 

4.  A    plasticized    sulphur-asphalt    mixture,    with 

sulphur  content  38  to  42  percent;  penetration 
at  25°  C,  28-34;  softening  point  65°-75°  C. 


Typical  3-Lane  Brick  Pavement  on  U  S  30  in  Ohio. 

With  the  removal  of  the  excess  mat  on  top,  a  more 
thorough  inspection  of  the  pavement  is  possible.  One 
consequence  has  been  the  requiring  of  end  lugs  instead 
of  beveled  ends  (bulged).  These  lugs  on  each  end  are 
non-meshing,  so  as  to  provide  for  free  Mow  of  filler,  and 
function  equally  well  when  the  brick  are  turned. 

Bast  courses.  The  requirements  for  foundations  or 
base  courses  vary  according  to  conditions  of  climate, 
subsoil,  and  traffic  loads.  In  the  southern  section  of 
(he  United  States,  vitrified  brick  surface  courses  are 
successfully  used  on  such  foundations  as  natural  sand, 
gravel,  crushed  stone,  slag,  shell,  and  Florida  lime 
rock.  Brick  pavements  have,  of  course,  given  ex- 
cellent, service  on  bases  of  waterbound  and  bituminous 
macadam,  of  bituminous  concrete,  and  of  portland- 
cement  concrete. 

Concrete  is  the  material  commonly  used  as  a  founda- 
tion course  for  city  streets  and  heavy-traffic  pavements. 
With  proper  subgrade  conditions  most  engineers  prefer 
a  relatively  lean  concrete  for  the  base.  It  will  be  less 
affected  by  temperature  changes  and,  because  of  its 
lower  tensile  strength,  the  cracks  that  form  are  more 
numerous  but  narrower.  The  section  of  the  base, 
separated  by  such  narrow  cracks,  are  displaced  rela- 
tively one  to  another  with  greater  difficulty  than  if 
the  cracks  were  wider  as  would  be  the  case  if  the  con- 
crete were  stronger;  and  hence  are  less  likely  to  affect 
the  surface  course.  Reinforcing  with  steel  mesh  or 
bar  mats,  usually  in  lieu  of  a  richer  concrete,  is  an 
increasing  practice.  Expansion  joints  in  the  base 
course  are  a  cause  of  disturbance  of  the  brick  surface 
and  are  not  recommended.  With  plain  concrete, 
transverse  weakened  plane  or  construction  joints  are 
used   to  a  considerable  extent.     As  in  concrete  pave- 


ments, dowelled  longitudinal  joints  should  separate  the 
base  into  sections  of  1-lane  width.  With  integral 
curbs,  which  perform  the  same  function,  thickened 
edges  are  not  required. 

In  connection  with  the  discussion  of  joints  in  con- 
crete bases  it  is  apropos  to  mention  that  the  mono- 
lithic type  of  brick  pavement  shows  some  signs  of  re- 
vival. In  this  design  the  brick  are  laid,  without 
cushion,  directly  on  the  green  concrete  base  and  filled 
with  cement  grout.  In  an  experimental  brick  pave- 
ment on  route  No.  43  in  Carroll  County,  Ohio,  con- 
structed in  1933,  a  section  of  monolithic  pavement  was 
included.  The  construction  included  a  longitudinal 
center  joint  and  1-inch  transverse  expansion  joints  at 
intervals  varying  from  50  to  100  feet.  A  smooth  sur- 
face was  formed  and  the  section  is  now  in  perfect  con- 
dition. Further  projects  of  this  design  are  contem- 
plated. It  would  seem  certain,  however,  that  even  if 
the  monolithic  type  should  again  receive  favor,  the 
present  standard  brick  pavement  with  cushion  and 
flexible  filler,  which  has  proved  its  merits,  will  continue 
to  be  the  preferred  type  for  general  use,  particularly 
for  municipal  streets  and  resurfacing. 

Longitudinal  laying. — In  December  1936  the  Ohio 
Department  of  Highways  completed  with  Federal  aid 
the  construction  of  a  section  of  brick  pavement  on 
route  31  (located  a  short  distance  from  the  filler  test 
road  previously  mentioned)  in  which  the  brick  were 
laid  longitudinally — that  is  with  the  S's-ineh  dimension 
parallel  with  the  curbs.  Longitudinal  laying  was  not 
a  complete  innovation  as  it  had  been  used  previously 
for  car- track  areas,  parking  strips,  on  grades,  and,  to  a 
limited  extent,  in  normal  installations.  However,  this 
project  was  the  first  of  its  kind  using  modern  construc- 
tion methods.  Contemplated  advantages  included 
smoother  riding,  reduction  in  traffic  noise,  spanning  of 
base  cracks  lengthwise,  a  reduction  in  breaking  of  brick 
for  transverse  closures,  economy  in  labor  of  laying  be- 
cause of  unlimited  length  of  rows,  and  the  elimination 
of  special  wedge-shaped  sections  on  curves.  The  proj- 
ect, completed  in  1030,  was  1.35  miles  long,  20  feet  wide 
over-all,  had  a  concrete  base,  with  9-inch  integral  curbs, 
and  used  3-inch  vertical-fiber  lug  brick  and  standard 
asphalt  filler. 

An  extension  of  this  project  for  1.5  miles  using  non- 
exuding  filler  was  under  construction  in  September  1937. 
The  specifications  for  the  first  project  did  not  permit 
"batting"  but  it  was  necessary  at  infrequent  intervals 
to  cut  brick  at  transition  points.  Also  because  brick 
were  respaced  or  shifted  on  the  cushion,  the  resulting 
surface  contour  was  not  as  smooth  as  expected.  On 
the  second  project,  batting  will  be  permitted  at  one  curb 
and  it  is  believed  that  the  appearance  of  the  pavement 
will  not  be  noticeably  affected,  and  that  economy  in 
laying  and  a  smoother  surface  will  result. 

Continuous  longitudinal  joints  would  be  of  evident 
disadvantage  if  traffic  were  predominantly  steel-tired. 
However,  this  type  of  traffic  is  practically  nonexistent 
in  the  United  States.  The  future  performance  of  these 
projects  in  service  will  determine  whether  the  apparent 
advantages  of  longitudinal  laying  are  sufficient  to  justify 
a  change  in  present  standard  practice. 

Reinforced  brick  pavement. — Reinforced  brick  masonry 
in  which  steel  rods  are  embedded  in  the  mortar  joints 
has  been  used  to  a  considerable  extent  in  recent  years 
in  pavement  construction.  This  is  particularly  true  in 
California  where  it  is  considered  desirable  because  of 
earthquake  conditions.    In  June  1931  a  reinforced  brick 

{Continued  on  page  72) 
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PROGRESS  IN  THE  PREPARATION  AND  USE  ON  ROADS  OF  TAR,  ASPHALT,  AND  EMULSIONS 

By  E.  F.  KELLEY,  Chief,  Division  of  Tests,  United  States  Bureau  of  Public  Roads,  Principal  Reporter 

INTRODUCTION 


NO  REPORT  on  this  subject  has  been  made  by  the 
United  States  to  the  Permanent  International  Asso- 
ciation of  Road  Congresses  since  the  Congress  of 
Washington.  Therefore  this  report  will  not  be  limited 
in  scope  to  the  progress  that  has  been  made  since  the 
Congress  of  Munich  but  will  be  extended  to  include  the 
more  important  developments  that  have  taken  place 
since  1930. 

In  order  to  avoid  the  possibility  of  misunderstanding 
it  seems  necessary  in  this  report,  as  in  that  of  1930,  to 
define  the  accepted  meaning  in  the  United  States  of 
some  of  the  terms  relating  to  the  materials  that  are  the 
subject  of  discussion.  This  is  necessary  because  cer- 
tain terms  do  not  have  the  same  meaning  in  the  United 
States  that  they  have  in  other  countries. 

As  used  in  the  United  States  and  in  this  report  the 
significance  of  the  terms  that  appear  to  require  defini- 
tion are  as  follows : 

Bitumen  is  that  portion  of  tar,  petroleum,  asphalt, 
or  asphaltic  material,  that  is  completely  soluble  in 
carbon  disulphide. 

The  adjective  "bituminous"  means  "containing 
bitumen."  Thus,  tars,  asphalts,  and  asphaltic  prod- 
ucts are  all  bituminous  materials.  Therefore  the  terms 
"bituminous  mixture,"  "bituminous  treatment,"  "bi- 
tuminous construction"  are  general  ones  and  indicate 
only  that  the  use  of  either  tar  or  asphaltic  material  is 
involved. 

Tar  is  a  bituminous  product  which  yields  pitch  when 
partially  evaporated  or  fractionally  distilled  and  is  pro- 
duced by  the  destructive  distillation  of  organic  ma- 
terials such  as  coal,  petroleum,  wood,  lignite,  and  peat. 
The  tars  used  in  the  United  States  for  road  purposes 
are  manufactured  almost  entirely  from  coal  tar  and 
water-gas  tar.  A  very  limited  amount  of  wood  tar 
has  been  used  experimentally. 

Asphalt  is  a  solid  and  semisolid  cementifious  ma- 
terial, ranging  in  color  from  black  to  dark  brown,  in 
which  the  predominating  constituent  is  bitumen.  As- 
phalts may  be  those  which  occur  in  nature  or  those 
produced  by  refining  petroleum. 

Since  asphalt  is  defined  as  a  solid  or  semisolid  ma- 
terial it  is  necessary  to  differentiate  between  it  and 
those  materials  that  contain  asphalt  but  are  liquid  in 
character.  Prior  to  1930  the  term  "road  oil"  was 
applied  rather  indiscriminately  to  liquid  asphaltic 
materials  used  for  road  purposes  with  a  great  deal  of 
resultant  confusion.  Since  then  the  use  of  that  term 
has  been  discouraged  and  the  liquid  products  are  now 
designated  as  "liquid  asphaltic  road  materials." 

Cut-back  asphalts  are  liquid  materials  produced  by 
fluxing  solid  or  semisolid  asphalts  with  volatile  petro- 
leum distillates. 

The  liquid  asphaltic  road  materials  are  divided  into 
three  general  classes  depending  on  the  degree  of  harden- 
ing or  cementitiousness  that  is  desired  and  the  rapidity 
with  which  it  is  developed.  These  classes  are  desig- 
nated as  slow-curing,  medium-curing,  and  rapid-curing. 
The  slow-curing  materials  are  intended  to  harden  very 
slowly  after  use  and  to  develop  only  relatively  low 
cementing  values.  The  medium-  and  rapid-curing 
materials  are  cut-back  asphalts  and,  in  contrast  to  the 


slow-curing  materials,  are  intended  to  harden  at  a  rela- 
tively rapid  rate  and,  through  loss  of  the  volatile 
solvents,  to  leave  in  place  a  residue  of  semisolid  asphalt. 
The  solvents  used  in  the  manufacture  of  cut-back 
asphalts  are.  of  the  kerosene  type  for  medium-curing 
materials  and  of  the  gasoline  or  naphtha  types  for  the 
rapid-curing  materials. 

USAGE  OF  BITUMINOUS  ROAD  MATERIALS 

The  past  few  years  have  seen  a  great  increase  in  the 
use  of  bituminous  road  materials  in  the  United  States, 
particularly  in  the  use  of  the  liquid  products. 

In  1929  the  total  consumption  of  asphaltic  road  ma- 
terials was  2,650,000  tons  of  which  the  slow-curing 
liquid  products  and  cut-back  asphalts  accounted  for 
only  35  percent.  In  1930  these  liquid  materials  con- 
stituted 63  percent  of  a  total  consumption  of  3,807,000 
tons.1 

With  respect  to  road  tars  it  is  estimated  that  the 
annual  consumption  dining  this  same  period  increased 
from  more  than  100,000,000  gallons  to  more  than  150,- 
000,000  gallons.2 

Tar  emulsions  arc  not  used  in  the  United  States  and 
no  reliable  figures  are  available  concerning  the  con- 
sumption of  asphaltic  emulsions  in  1929  or  1930. 
However,  their  use  at  that  time  was  relatively  small, 
while  in  1936  the  estimated  consumption  was  56,000,000 
gallons.1 

SPECIFICATIONS 

No  changes  of  importance  have  been  made  in  the 
specifications  commonly  used  for  the  semisolid  asphalts 
known  as  asphalt  cements  or  paving  asphalts.  How- 
ever, the  increased  use  of  liquid  bituminous  materials 
has  resulted  in  the  development  of  a  number  of  new  and 
more  adequate  specifications  for  these  products. 

In  1932  the  United  States  Bureau  of  Public  Roads 
cooperated  with  the  Asphalt  Institute,  representing  the 
asphalt  producers,  in  formulating  a  group  of  specifica- 
tions for  liquid  asphaltic  road  materials  of  the  slow- 
curing,  medium-curing,  and  rapid-curing  types.  The 
requirements  of  these  specifications  are  given  in  table  1. 
These  specifications  were  recommended  to  the  State 
highway  departments  for  adoption  and,  while  the  Stales 
as  a  whole  have  not  seen  fit  to  adopt  them  in  their 
entirety,  they  have  had  a  marked  influence  on  the  speci- 
fications now  in  use.  In  1933  the  requirements  of  the 
recommended  specifications  for  the  medium-curing  and 
rapid-curing  cut-back  asphalts  were  approved  for  inclu- 
sion in  the  specifications  of  the  Federal  Government. 

The  improvement  and  standardization  of  specifica- 
tions for  tar  have  been  aided  considerably  by  the  adop- 
tion in  1937,  by  the  American  Association  of  State 
Highway  Officials,  of  the  Standard  Specifications  for  Tar 
for  Use  in  Road  Construction,  as  given  in  table  2. 
These  specifications  have  been  adopted  in  whole  or  in 
part  by  several  States  and  their  adoption,  possibly  with 
slight  modifications,  is  now  being  considered  by  the 
American  Society  for  Testing  Materials  and  the  Fed- 
eral Government.  The  important  improvement  in 
these  specifications,  as  compared  with  preceding  ones, 

1  Figures  given  arc  from  published  statistics  of  the  United  States  Bureau  of  Mines 
?  Unofficial  estimates;  no  official  figures  available. 
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Table  1. — Specifications  for   liquid  asphaltic  road  materials    recommended  in  1932  by  the  U.  S.  Bureau  of  Public   Roads  and  the 

Asphalt  Institute 


Test  requirements  ' 

Grades  » 

SC-1 

SC-2 

SC-3 

RC-4 

MC-1 

MC-2 

MC-3 

MC-4 

MC-5 

RC-1 

RC-2 

RC-3 

RC-4 

Water  and  sediment,  percent.. 

2.0- 
150+ 

20-150 

2.0- 
200+ 

2.0- 

200  + 

2.0- 

250+ 

10  150 

150+ 

150+ 

150+ 

150+ 

80+ 

80+ 

80+ 

80+ 

Viscosity,  Saybolt-Furol,  seconds: 

it  77"  F 

At  122°  F 

200  320 

80-160 

200-400 

At  110°  F 

150-300 

150  250 

300    ,00 

."Oil    Mill 

275-400 

700-1,400 

\l   180°  F 

170-280 

Total  distillate,  percent  by  vol- 
ume: 
To  374°  F                      

5+ 
12+ 
25+ 
40- 

To  »37°  F 

2- 

15- 

25- 
25+ 

2- 
10- 

20- 
25+ 

2- 
8  — 
18- 

25  + 

10- 
25+ 
50- 

2- 
10-20 
27- 

2- 
8-20 
25 

1- 

16- 
25- 

14- 

20- 

10+ 
20+ 
35- 

3+ 
14+ 
30- 

0.5+ 

To  600°  F                         

7+ 

To  680    i              

50 
50- 

25- 

Penetration  of  residue,   100  g,  5 

7(1  300 
60+ 

99.5+ 

100-300 
60  f 

99.  5  + 

100-300 
00+ 

99.  5+ 

100-300 
60+ 

99.  5+ 

100-300 
60+ 

99.5+ 

60-120 
60+ 

99.  5+ 

60-120 
60+ 

99.  5+ 

60-120 
60+ 

99  5  ! 

60-120 

Ductility  of  residue,  77°  F.,  em  .. 

60+ 

Solubility  nf  residue  in  USj,  pit- 

99  ii  | 

99.  0  + 

99.  0+ 

99.  0+ 

99.5+ 

typical  uses  3 

X 

X 

X 

Mixed-in-place  construction: 

X 

»  X 

X 

X 

5X 

X 

Plant-mixed  construction: 

y 

X 

X 

X 

X 

X 

X 
X 

X 

1  Methods  of  test  are  those  of  the  American  Association  of  State  Highway  Officials. 

2  +  indicates  that  the  value  shown  is  the  minimum  allowable;  —  indicates  that  the  value  shown  is  the  maximum  allowable. 

3  For  the  guidance  of  the  user  and  not  a  part  of  the  specification. 

4  Maximum  size  not  over  1  inch.    Fairly  uniform  grading  from  coarse  to  fine  with  appreciable  percentage  passing  No.  200  sieve. 

5  Under  favorable  conditions  only. 

6  Maximum  size  not  over  1  inch.    Fairly  uniform  grading  from  coarse  to  fine  with  little  or  no  material  passing  No.  200  sieve, 
i  Maximum  size  not  over  \\i  inches.    Little  or  no  material  passing  No.  4  sieve. 


is  in  the  establishment  of  12  numbered  grades  through 
which  the  consistency  increases  from  minimum  to 
maximum  in  a  logical  manner.  That  this  is  true  is  not 
readily  apparent  except  when  the  consistencies  of  the 
different  grades  are  measured  at  a  single  tempera  (  ure  and 
expressed  in  terms  of  absolute  viscosity.  The  consis- 
tency requirements  of  these  specifications  are  based  on 
absolute  viscosity  as  measured  with  a  capillary  rise 
viscosimeter  that  has  been  developed  recently  (7).3 
However,  since  few  laboratories  are  now  equipped  with 
instruments  for  the  measurement  of  absolute  viscosity, 
the  consistency  requirements  of  the  specifications  are 
still  expressed  in  terms  of  specific  viscosity,  Engler, 
and  the  float  test. 

Much  interest  is  being  shown  in  the  proposal  to 
specify  viscosity  requirements  in  terms  of  absolute  units, 
both  for  tars  and  for  asphaltic  materials,  and  a  number 
of  highway  laboratories  are  investigating  its  possi- 
bilities. 

Three  distinct  types  of  emulsified  asphalt  are  in  use 
in  the  United  Slates.  These  types  may  be  classified 
as  follows: 


!. 


3. 


Quick-breaking  emulsions  for  penetrations  (or 
grouting)  where  there  is  no  manipulation  of 
the  aggregate  after  it  lias  been  coated. 

Medium-breaking  emulsions  for  mixing  with 
clean,  coarse  aggregate. 

Slow-breaking  emulsions  for  use  in  densely 
graded  mixtures  containing  stone  dust,  sand, 
or  other  fine  mineral  aggregate.  Emulsions 
for  soil-stabilization  belong  to  this  general 
class. 


3  Italic  figures  in  parentheses  refer  to  the  bibliography,  p.  70. 


The  American  Association  of  State  Highway  Officials 
has  adopted  standard  specifications  for  five  grades  of 
emulsified  asphalt,  the  requirements  of  which  are  given 
in  table  3.  Specification  M-51  covers  a  quick-breaking 
emulsion  suitable  for  penetration  macadam  and  for  sur- 
face  treatments.  Specifications  M-47  and  M-48  are 
for  medium-breaking  emulsions  for  coarse  aggregate 
mixtures  of  the  plant-mixed  and  mixed-in-place  types, 
respectively.  Specifications  M-49  and  M-50  are  for 
heavy  emulsions  to  be  used  in  summer  and  winter,  re- 
spectively, in  the  preparation  of  bituminous  concrete  for 
repair  work.  The  American  Society  for  Testing  Ma- 
terials had  adopted  tentative  standard  specifications  for 
four  grades  of  emulsified  asphalt  practically  identical 
with  the  first  four  grades  shown  in  table  3. 

Several  of  the  tests  used  to  measure  the  desired  quali- 
ties of  emulsified  asphalts  are  of  quite  recent  origin  and 
merit  brief  mention. 

The  demulsibility  test  is  for  the  purpose  of  insuring 
that  the  emulsion  will  break  at  the  desired  rate.  In  this 
test  an  electrolyte  (CaCl2)  in  weak  solution  is  added  to 
100  grams  of  emulsified  asphalt  and  the  percentage  of 
the  asphalt  that  is  coalesced  by  contact  with  the  electro- 
lyte is  determined.  For  quick-breaking  emulsions  a 
high  percentage  of  coalescence  in  a  weak  solution  of 
CaCl2  is  required,  and  for  slower-breaking  emulsions  a 
low  percentage  of  coalescence  in  a  more  concentrated 
solution. 

The  settlement  test  is  a  sedimentation  test  to  deter- 
mine if  the  distribution  of  the  asphalt  in  the  liquid 
phase  will  remain  reasonably  uniform  over  an  extended 
period  of  time.  Five  hundred  milliliters  of  emulsion 
are  placed  in  a  stoppered  glass  cylinder  5  centimeters 
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Table  2.— American  Association  of  State  Highway  Officials  Standard  specification  for  tar  for  use  in  road  construction.     Specification 

M  52;  adopted  1937 


Test  requirements  ' 

Hi. ides2 

RT-1 

RT-2 

RT-3 

KT-4 

RT-6 

RT-7 

RT-8 

RT-9 

RT-10 

RT-11 

RT-12 

RTCB-5 

RTCB-6 

Consistency: 

Specific  viscosity,  Engler,  at40°  C . 

5  8 

8-13 

13  22 

22  35 

Specific  viscosity,  Engler,  at50°C. 

16   io 

17-26 

20-40 

Float  test  at  32°  C 

50-80 

80-120 

120  200 

Float  test  at  50°  C 

75-100 
1.15+ 
75+ 
.0 

1.0- 

[66  156 

1.  16+ 

75+ 
.0 

1.0- 

150  220 

1.  16  + 
75+ 
.0 

1.0- 

Specific  gravity  at  25°  C./250  C 

Total  bitumen,  percent  by  weight... 
Water,  percent  by  volume 

1.08+ 
88+ 
2.0- 

7.0- 

1.08  t- 
88+ 
2.0- 

7.0- 

1.09+ 
88+ 
2.0- 

7.0- 

1.  09+ 
88+ 
2.0- 

5.0- 

1.10+ 
1.5- 

1.10+ 
83+ 
1.5- 

5.0- 

1.12+ 
78+ 
1.0- 

3.0- 

1.14+ 
78+ 
.0 

1.0- 

1.14  + 
78+ 
.0 

LO- 

I 09  | 
80  + 
1.0- 

n. o-s.o 

5.  (1  + 
8.0-18.0 

1.09  + 
80+ 

1   (1 

i]  ii  so 

5.  0+ 
X  0  18  0 

Total  distillates,  percent  by  weight: 
To  170°  C-. 

To  200°  C 

To  235°  C__._ _. 

To  270°  C 

35.0- 
45  0- 
35-60 

35.0- 
45.0- 
35-60 

30.  0- 
40.0- 

35-00 

30.  0- 
40.0- 
35-60 

35.0- 
35-65 

25.  0- 
35.0- 
35-65 

20.0- 
30.0- 
35-65 

15.0- 
25.0- 
35-65 

IS  0- 
25.0- 
35-65 

10.0- 
20.0- 

40-70 

10.0- 
20.  0- 
40-70 

10.0- 

20.0- 
40-70 

To  300°  C 

Softening  point  of  residue,  °  C 

35.  0- 
40-70 

11)  70 

Typical  uses  and  suggested  tempera- 
tures for  application.4 

Prime  coat;  00° 
to  125°  F. 

Prime  coat  and 
surface     treal 
ment;    80°    to 
150°  F. 

Surface    treat- 
am]  road  mix: 
80°  to  150°  F. 

Surface    treatment,    road 
mix,    premix    and    seal 
coat;  150°  to  225°  F. 

Surface  treatment  premix, 
seal     coat,     penetration 
and  crack  filler;  175°  to 
250°  F. 

Surface  treatment 
road    mix    and 
premix     when 
low      tempera- 
ture a  p  p  1  i  ca- 
tion and  quick 
setting  are  de- 
sired;   60°    to 
120°  F. 

1  Methods  of  test  are  those  of  the  American  Association  of  State  Highway  Officials. 

2  +  indicates  that  value  shown  is  the  minimum  allowable;  -  indicates  that  value  shown  is  the  maximum  allowable. 

3  This  requirement  was  revised  in  1938  to  2.0-8.0. 

<  For  the  guidance  of  the  user  and  not  a  part  of  the  specification. 


Table  3. — American  Association  of  Stale  Highway  Official  standard  specifications  for  « ■■■m  ulsi fed  asphalt,  adopted  1931 


i  e  I  requirement? ' 


Specification  Xo- 


M    17 


M-4S 


M-51 


M-19 


M  -50 


Viscosity,  Saybolt-Furol,  60  ml  at  77°  F.,  seconds.. 

Residue  by  distillation,  percent  by  weight 

Settlement,  5  days,  percent 

Demulsibility,  percent  by  weight: 

50  ml  of  0.1  N  CuCl2 

35  ml  of  0.02  N  CaCh _ 

Sieve  test,  percent  by  weight 

Miseibility  with  water,  no  appreciable  coagulation  in  2  hours 

Coating  test— thorough  coating  and  no  appreciable  separation  of  emulsion. 

Freezing  test — homogeneous  after  3  cyrles__ _ 

Residue  from  distillation: 

Penetration,  100  g,  5  seconds,  77°  F 

Specific  gravity  at  77°  F 

Ductility  at  77°  F.,  cm_ 

Solubility  in  carbon  disulphide,  percent... 

Ash,  percent 


1 00+. 
60  65. 


20-100. 
55-60.. 
5-.... 


20-100. 
55-60.. 

3- 


65+. 


65+. 


2  30-. 


3  30- 


0.10- 


0.10- 


00+ . 
0.10- 


0.10-. 

0) 


100-200. 
1.00+.. 
40+-- 
95  +  .... 
2.0-..  . 


100-200. 
1.00+.. 
40+.... 
95+.... 
2.0-.. . 


100-200 
1.00+.. 

40+ 

95+.... 
2.0-.. . 


100-200 
1.00+.. 
10  +  ..- 
95+.... 
2.0-... 


0.11I-. 
(0. 
('). 
(')■ 

125-225. 

1.00+. 
40+. 
9-.+. 
2.0- 


Specified  uses. 


o  pen-graded 
course  aggre- 
gate plant 
mixtures. 


Open-graded 
course  aggre- 
gate mixed-in- 
place  con- 
struction. 


Penetration 
macadam  and 
surface  treat- 
ment. 


Bituminous 
concrete  mix- 
tures for  re- 
pair work, 
.summer  use. 


Bituminous  con- 
crete mixtures 
forrepairwork, 
winter  use. 


i  Methods  of  test  are  those  of  the  American  Association  of  State  Highway  Officials. 

2  +  indicates  that  the  value  shown  is  the  minimum  allowable;  —  indicates  that  the  value  shown  is  the  maximum  allowable. 

■>  Specifications  M-47  and  M-48  were  revised  in  1938  by  the  addition  of  the  following  footnote  applicable  to  the  demulsibility  test: 

The  limit  shown  is  lor  general  use.    In  case  it  is  desired  to  specify  more  restrictive  requirements  based  on  prevailing  climatic  conditions,  the  following  limits  are  sug- 
gested: For  hot,  dry  climates,  0-5  percent;  for  mild  climates,  5-30  percent;  for  cool,  damp  climates,  20-15  percent. 

1  Required. 


in  diameter  and  allowed  to  stand  for  5  days.  At  the 
end  of  that  time  the  top  10  percent  and  the  bottom 
10  percent  of  the  emulsion  in  the  cylinder  are  removed 
and  a  determination  made  of  the  numerical  difference 
between  the  percentages  of  asphalt  in  each. 

In  the  sieve  test  the  emulsion  is  passed  through  a 
No.  20  sieve,  previously  wetted  with  a  2  percent  solu- 
tion of  sodium  oleate,  and  is  washed  through  the  sieve 
with  the  oleate  solution.  The  residue  on  the  sieve  is 
weighed  to  determine  the  amount  of  coagulated 
asphalt  in  the  emulsion 

The  test  for  miseibility  with  water  is  merely  to  insure 
that  the  emulsion  can  be  diluted  with  water  prior  to  use. 
The  emulsion  is  mixed  with  distilled  water  to  deter- 
mine if  coagulation  takes  place.  The  test  is  not  appli- 
cable to  quick-setting  emulsions. 


In  the  coating  test  the  emulsion  is  mixed  for  3  min- 
utes with  a  standard  reference  stone  ranging  in  size 
from  one-fourth  to  three-fourths  inch.  The  test  is  to 
determine  if  the  emulsion  will  coat  the  stone  thor- 
oughly and  if  the  mixing  operation  will  cause  appre- 
ciable separation  of  the  asphalt  from  the  water  of  the 
emulsion. 

The  freezing  test,  applicable  only  to  emulsions  for 
use  in  cold  weather,  is  to  determine  if  the  emulsion 
can  be  subjected  to  low  temperatures  without  detri- 
ment. The  emulsion  is  subjected  to  alternate  cycles  of 
freezing  and  thawing  to  determine  if  it  will  remain 
homogeneous. 

The  other  tests  listed  in  table  3  are  the  same  as  those 
applied  to  other  asphaltic  materials  and  require  no 
description. 
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The  slow-breaking  mixing  emulsions  are  being  used 
to  a  considerable  extent  in  densely  graded  bituminous 
mixtures  but,  as  yet,  there  are  no  standard  specifica- 
tions for  them.  In  general,  the  requirements  for  these 
materials  are  similar  to  those  for  emulsions  of  the 
medium-breaking  type  except  for  demulsibility  and 
the  addition  of  a  mixing  test  to  determine  if  the  emul- 
sion can  he  mixed  successfully  with  fine-grained 
material.  The  test  for  demulsibility  is  the  same  as 
that  for  medium-breaking  emulsions  but  the  amount 
of  breakdown  is  usually  limited  to  a  maximum  of  about 
2  percent.  In  the  mixing  test  that  is  frequently  used, 
the  emulsion  is  mixed  with  portland  cement  and  water, 
the  amount  of  breakdown  permitted  being  limited  to  a 
low  percentage. 

Emulsified  asphalt  for  soil  stabilization  is  a  special 
grade  differing  from  the  others  in  that  it  must  be  capa- 
ble of  being  mixed  with  large  quantities  of  extremely 
line  soil  materials  of  the  clay  size  and  it  should  dry 
rapidly  after  being  mixed.  The  mixing  test  with  port- 
land  cement  and  a  dehydration  test  are  frequently  used 
for  this  grade  of  emulsion  to  insure  that  it  will  have  the 
desired  properties.  Aside  from  the  dehydration  test, 
which  measures  the  rate  at  which  the  emulsion  loses 
water,  the  requirements  for  stabilization  of  emulsions 
are  much  the  same  as  for  slow-breaking  mixing  emul- 
sions except  that  a  harder  grade  of  asphalt  (.r>()  to  100 
penetration)  is  generally  used. 

The  foregoing  discussion  of  emulsified  asphalts  has 
related  entirely  to  emulsions  of  asphalt  in  water.  In 
addition  to  the  extensive  use  of  these,  there  has  been  a 
limited  use  in  the  United  States  of  so-called  inverted 
emulsions  or  emulsions  of  water  in  asphalt.  However, 
their  use  has  not  been  widespread  and  no  effort  has 
been  made,  as  yet,  to  effect  any  standardization  of 
requirements  designed  to  insure  their  satisfactory 
quality. 

In  addition  to  the.  developments  in  specifications  for 
the  bituminous  materials  themselves,  an  important 
change  has  taken  place  in  specification  requirements  for 
the  coarse  mineral  aggregates  with  which  they  are  used. 
This  has  been  the  rather  general  adoption  of  the  Los 
Angeles  abrasion  test  to  replace  the  Page  toughness  test 
and  the  Deval  abrasion  test  that  have  been  standard 
for  many  years. 

The  latter  two  tests  have  a  number  of  defects  among 
which  the  following  are  worthy  of  note.  The  Page 
toughness  test  is  made  on  samples  taken  from  ledge 
rock  and  therefore  is  not  applicable  to  crushed  slag  or 
gravel.  The  Deval  abrasion  test,  as  applied  to  stone, 
is  also  made  on  samples  from  ledge  rock  and  therefore 
it  has  been  necessary  to  modify  the  test  method  when 
it  is  used  for  gravel  or  crushed  slag  and  it  has  also  been 
necessary  to  specify  different  maximum  losses  for  these 
materials  than  have  been  specified  for  stone.  Finally, 
and  most  important,  the  results  of  these  tests  are  not  in 
good  agreement  with  the  observed  performance  of  the 
aggregates  as  used  hi  road  surfaces.  The  Los  Angeles 
abrasion  test  is  not  subject  to  the  criticism  that  has 
been  directed  at  the  Page  toughness  test  and  the  Deval 
abrasion  test.  It  is  applicable  alike  to  crushed  stone, 
crushed  or  rounded  gravel,  or  crushed  slag,  and  these 
materials  may  be  tested  after  being  crushed  and 
screened  to  the  sizes  that  are  to  be  used.  Moreover, 
there  is  a  good  correlation  between  test  results  and  the 
breakage  and  cruslung  of  the  coarse  aggregates  that 
takes  place  under  construction  rollers  and  under  traffic. 


TYPES  OF  CONSTRUCTION 

Hot-mixed  pavements. — The  principal  types  of  hot- 
mixed  and  hot-laid  bituminous  pavements  used  in  the 
United  States  are  coarse-aggregate  asphaltic  concrete, 
fine-aggregate  asphaltic  concrete,  and  sheet  asphalt. 
It  is  unnecessary  to  describe  them  in  detail  here  since 
this  has  been  done  in  the  report  of  1930  and  in  other 
literature.  No  essential  changes  have  been  made  in  re- 
cent years  in  the  design  and  construction  of  these  types, 
except  in  the  increased  use  of  improved  construction 
equipment.     The  new  equipment  will  be  described  later. 

In  addition  to  these  standard  types  that  are  mixed 
hot  and  laid  hot,  a  number  of  proprietary  mixtures 
have  been  developed  that  are  designed  to  be  laid  cold. 
These  differ  from  the  standard  mixtures  primarily  in 
the  kind  of  asphaltic  materials,  or  the  combinations  of 
them,  that  are  used  and  in  the  special  procedures  that 
are  employed  in  their  preparation. 

The  heavier  grades  of  tar  (RT78  to  RT-12,  table  2) 
are  also  used  to  a  limited  extent  in  dense  graded  pave- 
ments that  are  mixed  hot  and  laid,  either  hot  or  cold, 
in  two  courses.  The  principal  difference  between  those 
designed  to  be  laid  hot  and  those  designed  to  be  laid 
cold  is  that  the  former  have  greater  density  and  greater 
initial  stability  due  to  the  use  of  finer  aggregates  and 
heavier  tar  cement. 

Bituminous  macadam. — The  construction  of  bitumi- 
nous penetration  macadam  with  asphalt  cement  or  tar 
does  not  require  description  or  comment  since  no  signi- 
ficant changes  in  practice  have  taken  place  since  the 
date  of  the  last  report. 

Cut-back  asphalts  are  being  used  to  a  limited  extent 
in  penetration  macadam  and  are  particularly  useful 
for  work  in  cold  weather.  Materials  of  the  RC-4 
grade  (see  table  1)  or  even  more  viscous  grades  are 
used  for  this  purpose.  When  cut-back  asphalts  are 
used  it  is  desirable  to  use  a  coarse  crushed  aggregate  of 
somewhat  smaller  size  than  is  employed  customarily 
when  hot  materials  are  used. 

The  use  of  emulsified  asphalt  for  bituminous  macadam 
construction  has  increased  materially,  and  when  it  is 
used  some  changes  in  the  standard  construction  pro- 
cedure are  required.  In  hot  penetration  construction 
the  voids  between  the  pieces  of  coarse  stone  are  left 
open  in  order  that  the  bituminous  material  may  pene- 
trate before  it  cools.  When  emulsified  asphalt  is  used 
it  is  necessary  to  choke  the  voids  with  clean  stone  chips 
prior  to  the  first  application  of  bituminous  material. 
This  necessary  modification  of  hot  penetration  practice 
was  first  used  in  Great  Britain  and  Continental  Europe. 
The  subsequent  application  of  keystone  is  usually 
followed  by  two  light  applications  of  emulsion,  each 
covered  with  stone  chips  and  rolled,  and  these  in  turn 
are  followed  by  a  light  seal  coat  of  emulsion  that  is 
covered  with  sand.  In  general,  a  somewhat  smaller 
quantity  of  bituminous  material  is  used  for  a  given 
thickness  of  macadam  constructed  with  emulsified 
asphalt  than  is  usually  considered  necessary  when 
asphalt  cement  or  tar  is  used. 

Low-cost  surfaces. — The  term  "low-cost"  as  applied 
to  roads  and  road  surfaces  has  come  into  general  use 
in  the  United  States  in  recent  years  and  its  meaning  is 
frequently  misunderstood.  Such  roads  and  road  sur- 
faces are  "low-cost"  or  not,  depending  entirely  on  one's 
conception  of  what  constitutes  a  low  cost.  Actually 
they  cost  an  appreciable  sum  per  mile  and  an  enormous 
sum  in  the  aggregate.     They  are  not  inexpensive  but 
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merely  less  expensive  than  the  higher  types  of  pavement 
such  as  sheet  asphalt,  asphaltic  concrete,  or  portland- 
cement  concrete.  But  these  low-cost  surfaces,  if  con- 
structed on  adequate  bases,  are  capable  of  carrying  a 
large  volume  of  motor-vehicle  traffic,  including  an  ap- 
preciable percentage  of  heavy  trucks.  Their  use  has 
made  possible  the  construction  of  much  greater  mile- 
ages of  surfaced  roads,  on  the  primary  highway  sys- 
tems in  sparsely  populated  areas,  and  on  the  secondary 
highway  systems  in  more  thickly  populated  areas, 
than  otherwise  would  have  been  possible. 

Low-cost  bituminous  surfaces,  as  used  in  the  United 
States,  may  be  divided  into  three  general  classes  as 
follows : 

1.  Surface  treatments. 

2.  Open-graded  or  coarse-aggregate  surfaces. 

3.  Dense-graded  surfaces. 

The  open-graded  and  dense-graded  surfacing  mix- 
tures may  be  either  mixed  in  place  on  the  road,  pie- 
mixed  in  a  traveling  mixing  plant,  or  premixed  in  a 
stationary  mixing  plant. 

It  is  in  these  types  of  bituminous  road  surfaces  that 
the  greatest  progress  has  been  made  since  the  Congress 
of  1930.  In  these  types  of  construction  the  greatest 
amounts  of  liquid  bituminous  materials  are  used  and 
the  increased  consumption  of  these  products  in  recent 
years  is  an  index  of  the  extent  to  which  the  low-cost 
surfaces  are  being  utilized.  However,  it  should  be 
noted  that  some  of  the  road  surfaces  of  this  class  are 
not  resistant  to  the  mutilative  effect  of  steel-tired 
wheels  and  the  hoofs  of  animals.  The  United  States 
is  fortunate  in  having  very  little  highway  traffic  of  tins 
character. 

Surface  treatments  or  carpet  coats  are  used  on  watei 
bound  macadam,  sand-clay,  sand-clay -gravel,  or  other 
stable  bases  and  on  old  bituminous  surfaces.  Widely 
varying  materials  are  used  and  there  is  a  considerable 
variation  in  construction  procedures.  However,  dis- 
regarding minor  refinements,  the  general  practice  is  to 
prime  the  base  with  bituminous  material  and,  alter 
this  has  penetrated  and  dried,  a  heavier  bituminous 
material  is  applied.  This  is  covered  immediately  with 
clean  coarse  aggregate,  generally  having  a  maximum 
size  of  1  inch  or  less,  and  this  is  rolled.  Another  coat 
of  bituminous  material  is  then  applied  and  this  is  cov- 
ered with  stone  chips  and  rolled.  It  is  considered  good 
practice  to  seal  the  resulting  surface  with  another  light 
application  of  bituminous  material  which  is  covered 
with  chips  and  rolled.  The  seal  may  be  applied  at  the 
time  of  construction  or  application  may  be  delayed  for 
several  months.  The  net  result  is  a  carpet  or  mat 
having  a  thickness  of  about  three-fourths  inch  and 
composed  of  bituminous  binder  and  open-graded  aggre- 
gate. The  one  thing  common  to  all  surface  treatments 
is  that  the  bituminous  material  is  applied  by  means  of 
a  pressure  distributor. 

For  prime  coat,  the  lighter  grades  of  tar  or  medium- 
curing  cut-back  asphalt  are  used,  the  grade  selected 
being  dependent  on  the  density  of  the  surface  to  l>c 
primed.  The  prime  coat  is  sometimes  omitted,  par- 
ticularly when  surface  treating  old  bituminous  pave- 
ments or  when  using  emulsified  asphalt. 

The  bituminous  materials  applied  after  the  prime 
coat  are  usually  of  heavier  grades  and  may  be  hot 
asphalt  cement,  rapid-curing  cut-back  asphalt,  tar 
or  quick-breaking  emulsified  asphalt.  The  grade  of 
material  selected  is  dependent  to  a  certain  extent 
on  weather  conditions,  the  lighter  grades  being  used 


in  the  spring  and  fall  and  those  of  higher  viscosity  in 
the  summer.  In  connection  with  the  growing  tendency 
to  use  the  heaviest  grades  of  material  that  are  suitable 
for  the  type  of  construction,  attention  should  be  called 
to  the  fact  that  the  typical  uses  of  the  various  grades 
of  liquid  asphaltic  road  materials,  shown  in  table  1, 
are  not  entirely  in  accord  with  current  practice.  Great 
quantities  of  rapid-curing  cut-back  asphalt  are  used 
in  surface  treatment  work  and  the  EtC-1  grade  has 
been  used  extensively  but  there  has  also  been  a  con- 
siderable use  of  the  more  viscous  grades,  even  including 
RC-4. 

The  open-graded  or  coarse-aggregate  surfaces  are, 
as  the  name  implies,  composed  of  bituminous  material 
and  clean  coarse  aggregate  free  from  dust.  This  type 
of  surface  is  known  by  a  variety  of  names,  the  most 
common  of  which  is  "retread  treatment."  It  is  used 
extensively,  particularly  for  surfacing  old  gravel  or 
macadam  roads  and  for  resurfacing  old  pavements 
that  are  worn  or  that  have  excessively  high  crowns 
which  require  flattening.  The  open-graded  surfaces 
are  used  to  the  greatest  extent  in  the  eastern  part  of 
the  United  States. 

As  in  the  case  of  surface  treatments  and  other  types 
of  bituminous  construction,  the  details  of  construction 
vary  somewhat  in  different  .States.  In  general,  the 
procedure  for  road-mix  or  mixed-in-place  construction 
is  about  as  follows.  After  the  base  or  old  pavement 
surface  has  been  prepared  by  removing  loose  dust,  it 
may  or  may  not,  depending  on  its  character,  be  given 
a  prime  treatment  with  light  tar  or  cut-back  asphalt. 
The  coarse  aggregate  is  then  spread  over  the  surface 
to  the  required  depth  and  bituminous  material  is 
applied  with  a  pressure  distributor.  The  materials 
are  then  mixed  with  disk  harrows,  blade  graders,  or 
other  simple  mixing  equipment,  after  which  the  mix- 
ture is  spread  and  rolled.  This  is  followed  by  an  appli- 
cation of  bituminous  material  and  chips  to  choke  the 
voids  in  the  base  mix  and  this,  after  being  rolled,  is 
given  a  seal  coat  of  bituminous  material,  covered  with 
chips  or  sand,  and  rolled. 

It  is  frequently  desirable  to  preinix  the.  coarse  aggre- 
gate and  bituminous  material,  either  in  a,  portable 
mixer  at  the  site  of  the  work  or  in  a  stationary  mixing 
plant  convenient  to  the  supply  of  aggregate,  rather 
than  to  mix  it  in  place  on  the  road.  In  such  cases  the 
details  of  construction,  after  the  base  mixture  has  been 
spread,  are  the  same  as  for  mixed-in-place  work. 

The  thickness  of  open-graded  surface  courses  varies 
from  about  ll/4  to  2%  inches  and  the  size  of  the  coarse 
aggregate  used  is  dependent  on  this  thickness.  Typical 
requirements  for  size  of  aggregates  are  those  of  the 
American  Association  of  State  Highway  Officials,  shown 
in  table  4.  The  size  designations  (34B,3A  Modified, 
etc.)  given  at  the  tops  of  the  columns  in  table  4  are 
standard  size  designations  of  the  Simplified  Practice 
Recommendations  for  sizes  of  coarse  aggregates  for  use 
in  highway  construction.  In  table  4  the  same  aggre- 
gate is  specified  for  the  key  or  choke  stone  and  lor  the 
seal  or  cover  stone.  A  size  intermediate  between  that 
of  the  coarse  aggregate  and  the  cover  stone  is  sometimes 
specified  for  the  choke  stone. 

Rapid-curing  cut-back  asphalt,  tar,  and  emulsified 
asphalt  are  all  used  in  open-graded  road-mixed  or 
plant-mixed  surface  courses.  In  plant  mixes  it  is 
advantageous  to  use  heavier,  less  volatile  grades  of 
asphalt  cutbacks  and  tars  than  are  used  in  road  mixes 
since  these  do  not  require  as  much  aeration  before  the 
mixture  is  ready  for  compaction.     Cut-back  asphalt 
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Table    4. — American    Association    of    Stale    Highway    Officials 

proposed  standard  specification  for  crushed  stone,   crushed   slag 
f    and  crushed  gravel  for  open-graded  bituminous  road-vn.r  surface 
course.     Size  requirements  for  aggregates1 
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of  grade  riC-3  (table  1)  is  commonly  used  for  road 
mixes  in  warm  weather,  RC-2  for  road  mixes  in  cold 
weather,  and  RC-4  for  plant  mixes.  The  tars  used 
range  in  grade  from  RT-6  to  RT-9  (table  2).  When 
emulsified  asphalts  are  used,  those  of  the  medium- 
breaking  or  slow-breaking  types  are  used  for  mixing 
with  the  coarse  aggregate  and  quick-breaking  emulsion 
for  the  subsequent  applications. 

The  dense-graded  surfaces  of  the  low-cost  type  were 
first  developed  and  used  extensively  in  the  Slates  of 
the  Pacific  Coast  and  they  are  still  used  to  the  greatest 
extent  in  the.  western  half  of  the  United  Slates.  They. 
were  utilized  first  to  eliminate  dust  and  reduce  the  loss 
of  road  metal  from  untreated  fine-crushed  rock  and 
gravel  surfaces  and  in  the  early  stages  of  their  develop- 
ment the  slow-curing  liquid  asphalt ie  materials  were 
used  exclusively.  Since  then  the  use  of  asphalt  cut- 
hacks  of  the  medium-  and  rapid-curing  types  has  been 
found  to  be  advantageous  and  now  all  three  types  of 
liquid  asphaltic  materials  are  used.  Emulsified  as- 
phalts of  the  slow-breaking  type  are  also  being  used 
but  not  in  such  great  quantities  as  the  other  materials. 
As  this  type  of  construction  has  become  standardized 
more  attention  has  been  given  to  the  grading  of  the 
mineral  aggregate  and  to  the  character  of  the  line 
mineral  material  which,  if  of  unsatisfactory  quality, 
is  likely  to  cause  failure. 

The  dense-graded  surfacing  mixtures  of  the  low-cost 
type  are  mixed  in  place  on  the  road,  or  mixed  in 
traveling  mixers  or  in  stationary  mixing  plants.  When 
mixed  in  place  on  the  road  the  operations  are  much 
the  same  as  in  the  case  of  the  open-graded  mixtures 
except  thai  a  great  deal  more  manipulation  is  required. 
If  rain  happens  to  fall  when  mixing  is  in  progress,  the 
mixing  operations  may  be  extended  greatly  due  to  the 
necessity  of  reducing  the  moisture  content  to  a  low 
percentage.  When  the  traveling  mixing  plant  is 
used  the  graded  aggregate,  which  is  placed  along  the 
road  in  a  windrow  of  proper  size,  is  picked  up  and 
mixed  by  the  machine  and  deposited  behind  it.  ready 
lor  spreading  and  compaction.  As  compared  with 
load  mixing,  the  traveling  mixer  is  advantageous  in 
permitting  a,  better  control  of  the  proportioning  of 
materials,  in  securing  a.  more  uniform  mixture,  and  in 
eliminating  much  of  the  delay  and  expense  caused  by 
lain.  The  stationary  mixing  plant  has  all  the  advan- 
tages of  the  traveling  mixer  and,  in  addition,  permits 
a  much  more  accurate  control  of  the  proportioning  of 
materials.  Both  types  of  mixers  have  the  common 
advantage  of  permitting  the  use  of  asphaltic  materials 
of  greater  viscosity. 


Upon  completion  of  the  mixing  operation  the  dense- 
graded  mix  is  spread  and  compacted  to  a  thickness  of 
from  1 }{ to  3  inches.  Compaction  was  formerly  effected 
entirely  by  traffic  accompanied  by  blading  of  the  surface, 
but  there  is  a  growing  tendency  to  supplement  this 
by  compaction  with  rollers.  It  is  also  the  preferred 
practice  to  seal  the  compacted  surface  with  a  light 
application  of  bituminous  material  which  is  covered 
with  chips  or  sand. 

Typical  requirements  for  grading  of  the  aggregates  are 
those  of  the  American  Association  of  State  Highway 
Officials,  shown  in  table  5.  These  grading  requirements 
are  supplemented  by  other  requirements  designed  to 
prevent  failures  of  the  type  that  have  taken  place  in 
the  past.  Fadures  in  dense-graded  surfaces  of  the  low- 
cost  type  have  been  attributed  to  two  principal  causes: 
Lack  of  adhesion,  in  the  presence  of  water,  between  the 
aggregate  and  the  bituminous  materials  which  are  of 
relatively  low  viscosity;  and  the  tendency  of  the  fine- 
grained filler  material  to  swell  and  become  plastic  when 
wet.  In  the  proposed  specifications  of  the  American 
Association  of  State  Highway  Officials  it  is  required 
that  the  aggregate,  when  mixed  with  the  bituminous 
material  that  is  to  be  used,  shall  be  resistant  to  the 
action  of  water;  that  the  portion  of  the  aggregate 
passing  the  No.  40  sieve  shall  not  have  a  plasticity  index 
greater  than  6;  and  that  the  bituminous  mixture  shall 
not  swell  unduly  when  subjected  to  the  standard  test 
for  swelling. 

'Cable  5. — American  Association  of  Slate  Highway  Officials 
proposed  standard  specification  for  crushed  stone,  crushed  slag 
and  crushed  gravel  for  dense-graded  bituminous  road-  and  plant- 
mix  surface  course.      Size  requirements  for  aggregates  l 
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1  Figures  given  are  percentages  passing  the  various  sieves,  by  weight. 

1  A  smaller  percentage  passing  the  No.  200  sieve  may  be  specified  by  the  engineer. 

There  is  no  standard  practice  with  respect  to  the 
liquid  asphaltic  materials  used  in  dense-graded,  low-cost 
surfaces.  Slow-curing  materials  and  medium-  and 
rapid-curing  cut-back  asphalts  are  all  used  extensively, 
although  at  present  there  is  probably  a  considerably 
greater  use  of  the  slow-curing  products  and  the  medium- 
curing  cutbacks  than  of  the  rapid-curing  materials.  The 
consumption  of  cut-back  products  for  this  type  of  con- 
struction is  increasing  rapidly  since  they  have  a  decided 
advantage  over  the  slow-curing  materials  in  that  they 
result  in  mixtures  that  are  tougher  and  more  resistant 
to  the  action  of  water  and  the  abrasion  of  traffic.  When 
asphalt  cutbacks  are  used  it  is  necessary  to  select  the 
type  with  respect  to  the  available  mineral  aggregate 
since  the  rapid-curing  materials  cannot  be  mixed  suc- 
cessfully with  aggregates  containing  a  lugh  percentage 
of  material  passing  the  No.  200  sieve.  Five  percent 
passing  the  No.  200  sieve  is  usually  considered  the 
maximum  amount  of  fine  material  if  rapid-curing  cut- 
backs are  used  and  if  greater  amounts  of  the  fine  mate- 
rial are  present  it  is  necessary  to  employ  the  medium- 
curing  products. 

In  addition  to  the  extensive  use  of  dense-graded  road 
surfaces  containing  liquid  asphaltic  materials,  there  is 
a  more  restricted  use  in  the  eastern  States  of  the  same 
general  type  of  construction  in  which  the  graded 
aggregate  is  mixed  with  tar. 
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Stabilized  bases. — A  major  development,  since  the 
Congress  of  1930,  has  been  in  the  design  and  construc- 
tion, with  soil  materials  (gravel,  sand,  silt,  and  clay), 
of  the  so-called  stabilized  bases  that  are  suitable  for 
bituminous  surfacing.  The  use  of  soils  in  highway  con- 
struction is  the  subject  of  another  report  to  the  Congress 
and  therefore  a  detailed  discussion  of  this  topic  is  not 
appropriate  here.  However,  it  is  necessary  to  mention 
stabilized  bases  since  bituminous  materials  are  being 
used  in  their  construction  in  an  ever  increasing  amount. 

Given  a  supply  of  granular  materials  of  suitable  grad- 
ing and  fine  soil  binder  of  satisfactory  quality,  it  is 
possible  to  proportion  these  materials  for  base-course 
construction  so  that  satisfactory  performance  in  service 
will  be  assured.  But  when  the  granular  materials 
available  are  insufficient  in  quantity  or  of  inadequate 
grading,  or  the  soil  binder  is  of  unsatisfactory  quality, 
it  is  necessary  to  overcome  these  defects  by  some  means 
and  bituminous  materials  have  proven  effective. 

Emulsified  asphalt  of  the  slow-breaking  type  has  been 
used  more  extensively  in  base  stabilization  than  the 
other  bituminous  materials  but  tar  and  slow-curing, 
medium-curing,  and  rapid-curing  liquid  asphalts  have 
also  been  used  with  success.  However,  bituminous  base 
stabilization  must  still  be  considered  as  largely  in  the 
experimental  stage. 

In  this  type  of  construction  the  usual  practice  is  to 
pulverize  the  soil  material  that  is  to  be  stabilized,  add 
bituminous  material  in  one  or  more  applications,  and 
mix  it  on  the  road.  On  account  of  the  large  amount  of 
fine-grained  soil  and  the  relatively  small  amount  of 
bituminous  material  used,  it  has  been  found  that  a  uni- 
form mixture  can  be  obtained  only  by  adding  consider- 
able quantities  of  water  to  the  mix.  This  is  necessary 
even  with  emulsified  asphalt.  The  mixing  is  done  with 
harrows  and  blades  and  the  resultant  mixture  has  the. 
appearance  and  consistency  of  soft  mud.  It  is  spread, 
permitted  to  dry  to  a  moisture  content  that  will  permit 
compaction,  and  is  then  compacted  with  sheepsfoot 
rollers  or  multiple-wheel  rollers  with  pneumatic  tires. 
Rollers  of  this  type  are  preferred  since  they  produce 
the  kneading  action,  so  essential  to  thorough  compac- 
tion, that  cannot  be  secured  with  ordinary  road  rollers. 

In  addition  to  the  road-mix  method  that  lias  been 
described,  mixing  is  also  done  with  traveling  mixers  of 
the  same  type  as  those  used  in  the  preparation  of  sur- 
facing mixtures. 

In  the  road-mix  method,  the  bituminous  materials 
are  always  applied  with  pressure  distributors  except 
when  a  machine  known  as  a  sub-oiler,  designed  espe- 
cially for  the  purpose,  is  used.  This  machine  introduces 
the  liquid  bituminous  material  into  the  pulverized  soil 
by  means  of  pipe  lines  attached  to  scarifier  teeth. 

The  stabilized  soil  layer  thus  produced  is  generally 
too  friable  to  withstand  the  action  of  traffic  and  it  is 
customary  to  protect  it  with  a  bituminous  surface, 
usually  one  of  the  low-cost  types. 

CONSTRUCTION  EQUIPMENT 

A  major  development  in  connection  with  bituminous 
road  construction  in  the  United  States  has  been  the 
improvement  of  old  types  of  construction  equipment 
and  the  development  of  many  new  types.  The  intro- 
duction of  new  machines  designed  for  special  purposes 
has  resulted  in  better  and  more  economical  construction 
and  has  had  an  important  influence  on  present  practices. 

General  improvements,  common  to  a  number  of 
types  of  equipment,  have,  been  the  substitution  of  pneu- 
matic tires  for  steel  or  solid-rubber  tires,  (lie  adoption 


of  Diesel-type  power  units  where  practicable,  a  change 
from  mechanically  operated  controls  to  those  designed 
for  compressed-air  or  hydraulic  operation,  and  a  general 
increase  in  capacity  of  all  equipment. 


Bituminous  Distributor  with  Full-Width  Spray   Bar    vnd 
Tachometer  Actuated  by  an  Auxiliary  Wheel. 

Asphalt  plants.-- -Stationary  plants  for  the  manufac- 
ture of  hot  asphaltic  paving  mixtures  have  been  greatly 
improved  both  from  the  standpoint  of  design  and  that  of 
control  of  operations.  The  operation  of  the  modern 
plant  is  largely  automatic,  a  recent  improvement  being 
temperature  control  of  the  aggregates  in  the  drier  by 
means  of  a  pyrometer  that  regulates  the  burners. 
This  insures  delivery  of  the  aggregate,  to  the  hot  ele- 
vators at  a  more  constant  temperature  with  a  resultant 
improvement  in  the  uniformity  of  the  mixing  operation. 
The  automatic  feeding  of  aggregates  to  the  drier  is 
becoming  common  practice.  In  the  past  the  asphalt 
heaters  used  at  asphalt  plants  have  usually  been  of  the 
oil-burning  type  but  an  electric  heater  has  been  de- 
veloped that  can  be  used  to  advantage  where  the  cost 
of  electric  power  is  low.  The  new  electric  heater  is 
automatic  and  will  control  the  temperature  of  a  tank  ol 
asphalt  within  narrow  limits,  thus  reducing  the  danger 
of  damaging  the  material  by  overheating. 

Automatic  plant  control  has  brought  about  a  great 
improvement  in  the  quality  of  the  product  and  has  also 
contributed  materially  to  increased  production  which 
has  resulted  in  a  lowering  of  costs. 

Asphalt  heaters  and  distributors.  -Bituminous  road 
materials  are  usually  shipped  in  railroad  tank  ears 
having  a  capacity  ranging  from  6,500  to  10,000  gallons 
and  these  cars  are  equipped  with  coils  for  the  purpose  of 
heating  the  material  when  necessary.  The  low-pressure 
steam  heaters  formerly  used  are  gradually  being  dis- 
carded in  favor  of  high-pressure  steam  heaters  that  are 
more  efficient  and  more  easily  portable.  With  this 
equipment  it  is  possible  to  raise  the  temperature  of  the 
material  in  a  10,000-gallon  tank  car  as  much  as  50°  F. 
in  one  hour.  The  shipment  from  the  refineries  of 
heated  materials  in  insulated  tank  cars  and  the  use  of  the 
improved  heaters  has  greatly  reduced  the  time  required 
to  transfer  material  from  the  tank  car  to  the.  distributor. 

Pressure  distributors  for  the  application  of  bitu- 
minous materials  are  employed  in  all  types  of  bitu- 
minous "construction  that  do  not  involve  plant  mixing. 
The  sizes  most  commonly  used  have  capacities  ranging 
from  600  to  1,500  gallons.  The  general  design  of  dis- 
tributors has  not  changed  greatly  but  refinements  in 
design  have  increased  the  ease  and  efficiency  with 
which  materials  are  handled.  More  uniform  distri- 
bution is  made  possible  by  increased  capacity  of  pumps 
and  by  better  healing  and  circulating  systems.  Accur- 
acy in  the  rale  of  distribution  is  aided  by  tachometers, 
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Traveling  Mixing  Plant  thai-  Picks  up  the  Mineral 
Aggregate  from  a  Windrow,  Mixes  it  with  Bituminous 
Material,  and  Deposits  the  Finished  Mixture  Behind 
the  Machine. 

actuated  by  an  auxiliary  wheel,  or  by  other  forms  of 
governors  that  synchronize  the  speed  of  the  pump  and 
the  speed  of  the  truck.  Another  improvement,  is  a  new 
spray-bar  that  eliminates  dripping  as  soon  as  the  flow  is 
stopped.  This  is  accomplished  by  applying  suction 
from  the  pump  or  by  cut-off  valves  for  each  nozzle. 

Portable  mixing  and  spreading  equipment.  For  mix- 
ed-in-place  construction  the  greatest  use  is  made  of  such 
simple  equipment  as  spring-tooth  harrows,  disk  har- 
rows, and  blade  machines.  An  improvement  in  the 
disk  harrow  has  been  made  by  mounting  the  disks  in  a 
frame  carried  on  rubber-tired  wheels.  This  permits  the 
disks  to  be  lifted  clear  of  the  ground  and  is  advanta- 
geous in  turning  the  equipment.  The  grader  machine 
with  a  single  blade  and  the  multiple-blade  machine  are 
both  used  extensively  in  road-mixing  operations.  The 
multiple-blade  machines  have  four  or  more  blades  set  in 
pairs  for  mixing  and  for  striking  oil'.  An  improvement 
in  this  equipment  is  obtained  by  setting  the  blade  assem- 
bly in  a  chassis  mounted  on  rubber-tired  wheels,  with 
provision   for  quickly  raising  and  lowering  the.  blades. 

Several  types  of  traveling  mixing  machines  are  now 
available  and  their  use  is  increasing  rapidly.  In  one 
type,  one  or  more  pug-mill  shafts  are  installed  at  the 
front  of  the  machine  and,  as  it  moves  forward,  mixing 
of  the  aggregate  and  bituminous  material,  previously 
distributed  on  the  road,  is  effected  in  one  passage. 
In  another  type  the  aggregate,  previously  placed  in  a 
windrow  on  the  road,  is  picked  up  and  elevated  to  a 
continuous  mixer.  There  the  bituminous  material  is 
added  and  mixed,  and  the  finished  mixture  is  then 
deposited  on  the  road  in  the  rear  of  the  machine. 

For  the  types  of  construction  in  which  the  aggregate 
is  placed  in  windrows  along  the  road,  it  is  desirable  that 
the  windrow  be  of  uniform  cross-section  and  that  it 
contain  the  required  amount,  of  material.  A  useful 
device  for  this  purpose  is  dragged  by  a  tractor  over  the 
roughly  formed  windrow,  bringing  it  to  uniform  seel  ion 
by  means  of  adjustable  (ail  gates  and  moving  excess 
material  forward. 

Brooms  ami  broom  drags.  -For  cleaning  road  sur- 
faces prior  to  bituminous  construction,  better  and 
speedier  rotary  brooms  have  been  developed  and 
these,  combined  with  motor-driven  blowers,  make  it 
possible  to  clean  a,  surface  more  effectively  and  eco- 
nomically than  can  be  done  with  hand  brooms. 

For  spreading  small-size  aggregate  in  macadam  con- 
struction or  in  surface-treatment  work,  or  for  mixing 
and  spreading  small  quantities  of  bituminous  material 


A   Broom    Drag. 

and  small-size  aggregate,  the  broom  drag  has  been  found 
very  useful  in  effecting  uniform  distribution  and  smooth- 
ness of  surface.  These  drags  are  fairly  large  and  con- 
tain several  rows  of  stiff-fiber  or  wire  brooms. 

Aggregate  spreaders— -Mechanical  spreaders,  that  in- 
sure uniformity  of  distribution  of  aggregate,  are  practi- 
cally always  used  in  the  construction  of  penetration 
macadam  and  surface  treatments  and  they  are  also 
used  in  some  types  of  road-mix  construction.  These 
are  of  various  types  and  forms.  In  one  type  the  aggre- 
gate is  spread  directly  from  the  rear  of  a  dump  truck 
by  spreader  devices  built  into  the  tail  gate  or  attached 
to  it.  A  second  type  includes  hoppers  of  various 
forms,  either  pulled  by  a  truck  or  self-propelled,  that 
may  be  adjusted  to  spread  a  layer  of  aggregate  in  any 
amount  desired.  A  third,  and  rather  novel  type,  con- 
sists of  two  small  wheels  on  an  axle  that  carries,  I  od 
geared  to,  a,  revolving  circular  steel  plate.  This  d&  .-  e 
is  attached  to  the  real'  of  a  dump  truck  loaded  with 
aggregate.  As  the  truck  moves  forward  the  aggregate 
is  permitted  to  fall  through  the  tail  gate  of  the  truck 
onto  the  revolving  plate  which  sprays  it  over  the  road 
surface.  This  type  is  designed  for  relatively  light 
applications  of  aggregate  in  surface  treatment. 


A  Sheepsfoot  or  Tamping  Roller  Which  Is  Very  Effective 
in  Compacting  Bituminous-Stabilized  Bases  that  Con- 
tain a  High  Percentage  of  Fine-Grained  Material. 

Rollers. — For  the  compaction  of  bituminous-stabi- 
lized bases  and  bituminous  mats  the  ordinary  construc- 
tion rollers  having  wide,  smooth  steel  wheels  are  not 
generally  satisfactory  and  three  special  types  of  rollers, 
none  of  which  is  self-propelled,  are  used  for  this  purpose. 
One  of  these  is  the  sheepsfoot  or  tamping  roller  which 
is  not  new  but  which  has  not  been  used  extensively 
until  recent  years.  This  roller  consists  of  a  hollow 
metal  drum,  which  may  be  filled  with  water,  and  which 
is  studded  on  its  outer  surface  with  metal  projections. 
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These  studs  are  about  6  inches  long,  of  small  diameter 
and  end  in  flat  heads  somewhat  larger  than  the  shanks. 
These  rollers  are  very  effective  in  obtaining  uniform 
compaction  throughout  the  entire  depth  of  layers  of 
fine-grained  soil  materials. 

A  second  type  is  a  multiple-disk  roller  in  which  10  or 
more  heavy  metal  disks,  about  3  feet  in  diametei  and 
2  inches  thick,  are  mounted  a  few  inches  apart  on  a 
single  axle.  The  third  type  is  the  multiple-wheel 
pneumatic-tired  roller.  This  is  a  trailer  having  either 
one  or  two  axles,  on  each  of  which  are  mounted,  at  close 
spacing,  as  many  as  5  truck  wheels  equipped  with  large 
pneumatic  tires.  The  trailer  body  may  be  loaded  with 
any  desired  weight.  This  roller  is  very  effective  in 
producing  the  kneading  action  that  is  necessary  in 
compacting  bituminous-stabilized  bases  and  dense- 
graded  bituminous  surfaces. 

A  valuable  improvement  has  been  made  in  the 
conventional  tandem  and  three-wheel  rollers  that  are 
used  so  extensively  in  bituminous  pavement  construc- 
tion. This  is  the  addition  of  an  auxiliary  roller  on  a 
third  axle.  In  the  case  of  the  tandem  machine  the 
auxiliary  roller  is  of  about  the  same  size  as  the  forward 
roller  and  is  placed  in  front  of  it.  In  the  three-wheel 
machine  the  auxiliary  roller  is  of  considerably  smaller 
diameter  than  the  main  rollers  and  may  be  placed 
cither  between  the  front  and  rear  axle  or  behind  the 
rear   axle.     The    auxiliary   roller   is   adjustable   as    to 

igl  L  and  is  very  effective  in  eliminating  surface 
xi'x^gularities  and  in  producing  smoother  pavements. 

Finishing  equipment. — One  of  the  important  develop- 
ments in  the  construction  of  plant-mixed  bituminous 
surfaces  has  been  the  introduction  of  mechanical  equip- 
ment for  spreading  and  leveling  the  mixture  preparatory 
to  rolling.  These  finishers  are  of  three  principal  types: 
The  first  type  is  supported  on  side  forms  of  wood  or 
steel;  the  second  provides  its  own  forms,  being  suit- 
ported  on  long  skids  or  runnel's  that  carry  the  machine 
over  slight  depressions  and  minimize  the  effect  of 
these  irregularities  in  the  base;  and  the  third  is  carried 
on  rollers  of  moderate  diameter. 

The  bituminous  mixture  may  be  deposited  on  the  road 
from  a  hopper  that  is  a  part  of  the  finishing  machine  or  it 
may  be  dumped  from  trucks  and  shoveled  into  place  by 
hand.  One  type  of  hopper  contains  a  horizontal  shaft 
equipped  with  blades  that  agitate  the  mix,  thus  breaking 
up  lumps  and  preventing  segregation.  The  mix  then 
Hows  through  the  bottom  of  the  hopper  and  falls  in  front 
of  the  screeds  that  spread  it  to  a  uniform  thickness. 

Finishing  machines  are  almost  always  power  driven 
and  many  of  them  have  an  attachment  for  heating  the 
screed  so  that  the  mixture  will  not  cool  too  much  during 
the  spreading  process.  Some  machines  have  two  or 
three  screeds  and  in  the  latter  case  the  middle  screed  is 
equipped  with  teeth  that  rake  and  loosen  the  mixture 
prior  to  the  passage  of  the  last  screed.  The  selection 
of  the  type  of  finisher  most  suitable  for  the  work 
depends  somewhat  on  the  character  of  the  bituminous 
mixture  but  it  is  becoming  common  practice  to  specif}' 
the  use  of  some  type  of  mechanical  finishing  equipment, 
particularly  for  the  higher  types  of  pavement  such  as 
sheet  asphalt  and  asphaltic  concrete. 

LABORATORY  RESEARCH  AND  FIELD  INVESTIGATIONS 

The  asphaltic  road  materials  used  in  the  United 
States  are  produced  largely  from  petroleum  that  is  ob- 
tained from  a  great  number  of  sources  and  refined  by  a 
variety    of    processes.     Petroleum    from    the    different 


sources  varies  greatly  in  character  and  crude  oil  from 
(he  same  source  may  yield  asphaltic  materials  of  widely 
different  character,  depending  on  the  method  of  refining. 
The  cracking  processes,  designed  to  increase  the  yield  of 
gasoline,  are  used  extensively  and  these  produce  asphaltic 
residues  that  are  not  always  of  satisfactory  quality. 


Three-Wheel    Road    Roller    With    Auxiliary    Adjustable 

Roller. 

Early  in  the  period  that  has  seen  such  a  great  increase 
in  the  consumption  of  liquid  asphaltic  materials,  failures 
of  the  lower-cost  and  lower-type  surfaces  in  which  they 
are  used  aroused  interest  in  their  quality.  This  in- 
terest has  been  extended,  with  good  reason,  to  asphalt 
cements  that,  in  the  previous  period,  had  not  been  the 
object  of  serious  suspicion.  With  respect  to  road  tars 
a  new  problem  has  been  introduced  by  the  greatly  in- 
creased production  of  heavy  water-gas  tars  from  heavy 
carbureting  oils  of  what  are  known  as  the  "residuum" 
type.  These  have  largely  replaced  the  light  water-gas 
tars  formerly  produced. 

Experience  has  shown  that  one  of  the  most  important 
properties  of  a  bituminous  road  material  is  its  durability 
or  resistance  to  weathering,  and  if  is  recognized  that 
there  are  no  existing  specification  requirements  that 
insure  this  property.  As  a  result  a  number  of  agencies 
have  concerned  themselves  with  research  work  de- 
signed to  develop  some  test  for  predetermining  the 
durability  of  bituminous  materials.  These  studies 
have  included  the  exposure  of  test  samples  to  atmos- 
pheric weathering  in  the  open  and  to  the  action  of  heat, 
light,  water,  and  freezing  temperatures  in  the  laboratory 
and  the  attempt  to  correlate  the  results  with  the  be- 
havior of  roads  in  service.  Several  reports  of  wTork 
that  has  been  done  are  listed  in  the  bibliography  {2). 

The  dissatisfaction  with  asphaltic  materials  that  have, 
been  injured  in  refining,  either  by  overheating  or  by 
being  subjected  to  cracking  processes  has  resulted  in  the 
development  of  the  Oliensis  spot  test  (3)  and  the  test 
for  xylene  equivalent  (4).  The  Oliensis  spot  test  is  not 
claimed  to  be  a  test  of  quality.  It  is  merely  an  arbi- 
trary measure  of  heterogeneity  and  serves  to  identify 
those  materials  that,  through  cracking  or  overheating, 
have  been  rendered  sufficiently  heterogeneous  to  read 
to  the  test.  A  number  of  State  highway  departments 
that  have  had  trouble  with  cracked  materials  are  using 
this  test  to  exclude  them.  The  xylene  equivalent  is  a 
modification  of  the  Oliensis  test  designed  to  give  a 
quantitative  measure  of  the  degree  of  heterogeneity. 

The  cracking  of  sheet  asphalt  and  asphaltic  concrete 
pavements  is  a  problem  that  is  engaging  the  attention 
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of  a  number  of  investigators.  Studies  have  been  and 
arc  being  made  of  the  characteristics  of  these  paving 
mixtures  at  low  temperatures,  as  disclosed  by  tests  for 
toughness,  shearing  strength,  compressive  strength, 
tensile  strength,  and  modulus  of  rupture  and  modulus 
of  elasticity  in  flexure.  Also  the  hardness  and  ductility 
of  asphalts  extracted  from  existing  pavements  are  being 
correlated  with  the  prevalence  of  cracking.  Recent 
reports  of  investigations  of  (his  character  are  listed  in 
the  bibliography  (6). 

Since  hardening  of  the  asphalt  in  a  paving  mixture 
has  been  found  to  reduce  the  resistance  to  cracking, 
considerable  attention  is  being  given  to  studies  of  the 
changes  that  take  place  in  the  asphalt  during  the  opera- 
tions of  mixing  and  placing  (6).  It  has  been  found  that 
both  the  time  of  mixing  and  the  temperature  of  the 
materials  have  important  effects  on  the  hardening  and 
decrease  in  ductility  that  occur  and  that  different 
asphalts  are  affected  to  different  degrees.  Such  inves- 
tigations, which  involve  the  extraction  and  recovery  of 
asphalt  from  paving  mixtures,  have  been  aided  greatly 
by  the  recovery  methods  of  Abson  and  Bussow  (7). 

Numerous  studies  are  being  made  of  the  resistance,  in 
bituminous  mixtures,  of  the  stripping  of  the  bituminous 
films  from  the  mineral  aggregate  in  the  presence  of 
water.  In  the  field  of  base  stabilization  with  bitumi- 
nous materials  the  studies  of  Winterkorn  (S)  in  surface 
chemistry  are  being  continued. 

Numerous  field  investigations,  involving  the  con- 
struction and  observation  of  experimental  roads,  are 
being  conducted.  Included  in  these .  are  numerous 
investigations  of  the  stabilization  of  base  courses  with 
bituminous  materials.  Also  studies  are  being  made  of 
the  use,  in  asphaltic  concrete  pavements,  of  softer 
asphalts  than  are  generally  considered  suitable.  A 
great  deal  of  publicity  has  been  given  to  the  use,  in  the 
United  States,  of  cotton  fabric  for  the  reinforcement  of 
bituminous  road  surfaces.  Several  bundled  miles  of 
experimental  roads  have  been  built  in  which  surface 
treatments,  and  similar  types  of  light  bituminous  sur- 
facing, have  been  reinforced  with  coarsely  woven  cotton 
fabric.  However,  these  experimental  roads  have  not 
been  in  service  long  enough  to  demonstrate  the  merits 
of  the  reinforcement. 

SUMMARY 

1.  Since  the  Congress  of  1930  the  use  of  bituminous 
road  materials  in  the  United  States  has  increased  great  I  v. 
This  increased  consumption  is  accounted  for  entirely 
by  the  increased  use  of  liquid  products  in  bituminous 
road  surfaces  of  the  low-cost  type  and  in  the  construc- 
tion of  bases  for  these  surfaces. 

2.  The  low-cost  types  of  bituminous  surfaces  are: 
Surface  treatments,  open-graded  surfaces,  and  dense- 
graded  surfaces.  Great  progress  has  been  made  in  the 
development  and  improvement  of  these  types. 

3.  Liquid  asphaltic  products,  tars,  and  emulsified 
asphalts  are  all  used  successfully  in  the  low-cost  types 
of  surfaces. 

4.  Many  of  the  improvements  that  have  been  made 
arc  the  direct  result  of  the  development  of  numerous 
new  types  of  construction  equipment. 

5.  Important  progress  has  been  made  in  the  design 
and  construction,  with  soil  type  materials,  of  bitumi- 
nous stabilized  base  courses  suitable  for  low-cost  bitu- 
minous surfaces.  To  a  great  extent  the  use  of  bitu- 
minous products  in  stabilizing  soil  materials  for  base 


course  construction  is  still  in  the  experimental  stage. 
However,  emulsified  asphalt  has  been  used  with  notable 
success,  as  well  as  tar,  slow-curing  liquid  asphalt,  and 
cutback  asphalt. 

6.  The  quality  of  bituminous  road  materials,  par- 
ticularly with  respect  to  their  durability,  is  not  assured 
by  existing  specifications.  Information  on  this  ques- 
tion is  being  sought  in  a  number  of  different  investiga- 
tions. 
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applies  particularly  to  the  mixing  and  distributing  units 
which  in  their  present  form  cannot  handle  concrete  of 
much  lower  slump  than  1  inch.  This  phase  of  the 
problem  will  unquestionably  receive  attention  in  the 
near  future. 

Curing. — For  the  curing  of  concrete  pavements, 
cotton  mattresses,  composed  of  cotton  "bats"  covered 
with  cotton  cloth,  have  recently  been  employed  to  a 
considerable  extent.7  This  type  of  covering  material, 
in  addition  to  performing  the  usual  function  of  a  curing 
medium  by  protecting  the  surface  against  loss  of  mois- 
ture and  supplying  needed  moisture  to  the  surface,  has 
the  ability  to  insulate  the  concrete  against  extreme 
changes  in  temperature  during  the  curing  period. 
Field  experiments  are  now  being  conducted  in  various 
parts  of  the  United  States  for  the  purpose  of  deter- 
mining the  practicability  of  this  type  of  mattress  or 
mat  in  the  actual  construction  process. 

Additional  equipment  and  construction  mt (hods- 
There  has  been  no  marked  recent  change  in  the  type  of 
equipment  used  in  handling  and  transporting  materials 
from  the  proportioning  plant  to  the  mixer.  Locomo- 
tive or  caterpillar  cranes  are  used  in  moving  the  mate- 
rials from  freight  cars  to  overhead  proportioning  bins. 
Trucks  hauling  from  one  to  five  batches,  including 
cement,  transport  the  materials  to  the  mixer.  Industrial 
narrow-gage  railroads  are  now  employed  only  where- 
trucking  is  impracticable,  such  as  over  sandy  subgrades. 

Dual-drum  mixers  have  been  developed,  whereby  the 
batches  are  mixed  in  one  drum  for  about  half  of  the 
mixing  period  and  then  transferred  to  the  other  for  the 
remainder  of  the  period.  With  this  equipment  it  has 
been  found  possible  to  increase  production  about  one- 
third  over  that  of  a  single-drum  mixer.  Occasionally, 
where  conditions  are  favorable,  two  mixers  have  been 
operated  at  the  same  location.  In  some  States  of  the 
United  States,  the  hauling  of  materials  over  the  sub- 
grade  ahead  of  the  mixer  and  the  operation  of  the  mixer 
on  the  subgrade  are  not  permitted,  except  where  such 
procedure  is  unavoidable. 

Recently  a  power-driven  longitudinal  float  has  been 
developed,  which  is  operated  back  of  the  finishing  ma- 

'  Public  Roads,  Vol.  14,  No.  5,  July  1933;  and  Vol.  15,  No.  9,  November  1931. 


chine,  taking  the  place  of  the  hand-operated  longitu- 
dinal float.  It  is  claimed  that  a  more  nearly  perfect 
crown  and  surface  can  be  produced  with  it. 

Internal  vibrators  of  the  spud  type  have  come  into 
use  for  consolidating  concrete  around  joints  and  ad- 
jacent to  the  forms. 

II.  CEMENT-BOUND  MACADAM 

After  having  fallen  into  disuse,  the  construction  of 
cement-bound  macadam  has  again  returned  to  use 
mainly  as  a  means  of  employing  large  numbers  of  other- 
wise unemployed  men. 

In  1933  the  Portland  Cement  Association  undertook 
a  laboratory  and  field  investigation  to  determine  the 
requirements  for  coarse  aggregate  and  grout  in  this 
work,  and  to  study  construction  methods.  A  suitable 
test  for  fluidity  of  grout,  the  "flow  cone"  test,  was 
developed,  and  the  necessary  properties  of  grout  for 
various  sizes  of  coarse  aggregate  were  determined. 
Both  gravel  and  crushed  stone  coarse  aggregate  were 
used  successfully  and  depths  up  to  10.6  inches  were 
effectively  penetrated  with  grout,  without  resorting  to 
any  special  method  to  facilitate  the  flow.  Compaction 
of  gravel  coarse  aggregate  before  grouting  was  found 
impracticable,  and  compaction  of  crushed  stone  re- 
duced the  grout  consumption.  Satisfactory  results 
were  obtained  with  hand  tamping. 

The  tests  showed  that  compaction  after  grouting, 
when  properly  timed,  increased  the  strength  of  the  slab 
by  reducing  voids  left  by  escaping  water.  Heavy  roll- 
ers, however,  forced  some  of  the  coarse  aggregate  into 
the  subgrade,  which  had  been  softened  by  water  from 
the  grout,  and  caused  irregularities  in  the  surface  which 
were  difficult  to  remove.  Compaction  by  hand  tamp- 
ing gave  slightly  lower  strengths,  but  loss  of  material 
into  the  subgrade  was  eliminated.  Compaction  by 
vibration  also  gave  good  results,  but  the  available  equip- 
ment was  not  practical. 

Employing  the  information  thus  made  available, 
appreciable  quantities  of  cement-bound  macadam  have 
since  been  laid,  largely  as  a  measure  of  work  relief  for 
the  unemployed  One  development  in  the  field  has 
been  the  successful  use  of  broken  brick  and  concrete 
from  old  pavements  as  a  part  of  the  coarse  aggregate. 
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III.  CEMENT-HARDENED  EARTH  ROADS 

With  the  objective  of  developing  a  material  suitable 
for  low-cost,  all-weather,  secondary  road  surfaces,  as 
well  as  methods  of  construction,  rather  extensive 
laboratory  and  field  experimentation  with  soil-cement 
mixtures  lias  been  carried  on  during  the  last  few  years. 
As  a  general  rule,  this  work  has  beeen  done  by  the 
Portland  Cement  Association  in  cooperation  with 
various  States  and  the  United  States  Bureau  of  Public 
Roads. 


While  this  type  of  construction  is  by  no  means  out  of 
the  experimental  stage,  definite  principles  governing  soil- 
cement  mixtures  have  been  established  and  experience 
has  shown  that  laboratory  work  must  precede  the  field 
work  in  order  that  any  degree  of  success  may  be  assured. 

Each  field  job  has  simplified  the  application  of  labora- 
tory results  with  attendant  economies  of  construction. 
The  surfaces  constructed  are  capable  of  withstanding  a 
considerable  amount  of  traffic.  The  projects  con- 
structed to  date  have  gone  through  one  winter  without 
structural  disintegration . 


(Continued  from  page  60) 

pavement  slab  was  installed  in  the  driveway  entrance 
to  the  plant  of  a  paving-brick  company  in  Illinois. 
Brick  were  placed  in  a  "basket  weave"  manner  with 
three  brick  constituting  a  unit.  Reinforcement,  con- 
sisting of  j/8-inch  round  deformed  bars  was  placed  at 
8%-inch  centers  both  ways,  1  inch  from  the  bottom, 
and  all  joints  were  filled  with  1 :  2  cement  mortar.  Two 
weeks  after  the  slab  was  completed  an  excavation  was 
made  under  one  side  creating  a  clear  span  of  5  feet.  It 
is  estimated  that  during  the  past  6  years  25,000,000 
paving  brick  have  been  trucked  over  the  pavement 
which  shows  no  sign  of  distress  over  the  excavation. 

Encouraged  by  the  success  of  this  experiment,  addi- 
tional test  installations  are  now  being  planned  in  Ohio 
and  Illinois.  Instead  of  using  standard  paving  brick 
in  basket  weave  pattern,  large  vitrified  units  VA  by  8 
by  8-inches  have  been  manufactured.  They  will  be 
laid  by  hand  in  checkerboard  pattern,  properly  spaced, 
and  reinforcing  rods  will  be  placed  in  two  directions  in 
the  cement-grouted  joints. 

MUNICIPAL  USE 

Vitrified  brick  are  widely  used  as  a,  paving  material 
by  municipalities  in  the  United  States.  Engineers 
generally  regard  it  as  a  superior  type  of  surface  for 
streets  carrying  heavy  and  destructive  traffic,  and  it  is 
frequently  used  for  all  types  of  streets  in  districts  close 
to  brick  plants. 

Many  kinds  of  bases  arc  used  in  cities  but  as  in  rural 
road  practice,  concrete  is  most  popular  over  the  entire 
country.  Mixes  vary  but  cities  seldom  use  a  mix 
richer  than  1  part  cement,  2}{  parts  fine  aggregate,  and 
5  parts  course  aggregate  while  the  leaner  proportioning 
known  as  the  1:3:6  mix  is  more  widely  used  at 
present.  A  few  cities  use  a  1:2:4  mix.  Depths 
vary  from  5  to  as  much  as  10  inches,  the  popular  aver- 
age being  6  inches.  There  seems  to  be  little,  other 
than  individual  preference,  to  account  for  the  wide 
variation  in  practice. 

Beds  or  cushions  used  in  municipal  practice  are  also 


similar  to  those  used  on  rural  highways.  However,  in 
addition  to  the  mastic  beds,  many  cities  are  still  suc- 
cessfully using  plain  sand. 

In  municipal  work  a  3-inch  depth  brick  is  generally 
used  and  a  wire  cut  surface  is  exposed  to  traffic  to  avoid 
slipperiness.  The  rather  complete  motorization  of  all 
services  in  American  cities  with  the  resulting  elimina- 
tion of  the  horse  has  largely  done  away  with  the  hillside 
brick  although  some  are  still  used. 

The  type  filler  in  most  general  use  in  cities  is  a  so- 
called  hard  asphalt  with  low  penetration  and  a  high 
melting  point.  Use  of  the  softer  asphalts  has  resulted 
in  a  substantial  loss  of  the  filler  from  the  joints  in  hot 
weather  and  slipperiness  caused  by  the  adherence  of 
the  filler  material  to  the  wearing  surface  of  the  brick. 
Use  of  the  hard  asphalts  does  not  entirely  cure  this 
trouble  and  materials  of  the  experimental  types  pre- 
viously mentioned  are  being  tried  for  city  as  well  as 
rural  use. 

In  recent  years  many  old  brick  pavements  in  cities 
have  been  relaid,  either  on  the  old  bases  or  on  new 
foundations,  which  results  in  appearance  and  service 
value  approaching  those  obtainable  with  entirely  new 
construction.  As  the  removing  and  cleaning  of  the  old 
brick  before  relaying  is  entirely  a  labor  item,  the  cost 
varies  with  the  wages  paid.  The  cost  of  cleaning  is  also 
dependent  upon  the  type  of  filler  used  in  the  original 
construction,  varying  between  the  extremes  of  plain 
sand  and  rich  cement  grout.  In  most  of  the  old  pave- 
ments the  brick  were  laid  on  edge.  When  relaid  they 
arc  frequently  laid  flat,  according  to  present-day  prac- 
tice, and  there  is  a  gain  in  surface  area.  This  fact 
affects  the  percentage  of  salvage  measured  by  the  area 
covered  by  the  relaid  brick.  In  some  cases  this  has 
actually  resulted  in  a  salvage  greater  than  100  percent 
and  a  surplus  of  brick  which  were  used  for  additional 
paving.  However,  the  average  proportion  of  salvaged 
brick  is  about  80  percent.  Owing  to  the  increase  in 
manufacturing  costs  since  the  brick  pavements  were 
originally  constructed  years  ago,  the  relay  value  of  the 
brick  is  in  many  cases  materially  greater  than  the 
original  cost. 
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STATE  MOTOR-FUEL  TAX  RECEIPTS,  1937 


(Compiled  for  calendar  year  from  reports  of  State  authorities) 
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17,914 
47,895 

3,  421 
2,  323 
17,  112 
16,558 
8,  695 
21,032 
'.',  498 
2,  737 

1,000 

Dollars 

1,000 

Dollars 

13,  295 

4,325 

9,877 

46,  614 

7,431 

9,445 

2,031 

22,  023 

19,  550 

4, 035 

35, 836 

22, 987 

13. 023 

10,  083 

12,  071 
15,923 

5,550 
9,857 
19,  836 
29,  425 
15,293 
10,  222 
11,082 
4,581 
10,925 

1,  177 
3,  286 

21,565 
4,003 

61,841 

22,  429 
2,873 

46,  538 

13,  768 
9,799 

55,711 
3,090 

10,901 
4,071 

17,914 

41,671 
3,421 

2,  323 
16,114 
15,268 

8,488 
19,  537 
2,498 
2,  724 

1,000 
Dollars 

n 

1,000 
Dollars 
55 

85 

ljiiji) 
Dollars 

1,000 

Dollars 

1 ,1)110 
Dtillars 

S 
85 
10 

l.iii  in 
Dollars 
13  350 

Arizona 

734 

8 

4   333 

Arkansas .      - 

9  962 

California 

4,872 

1,228 
195 
142 

10 

Id  621 

Colorado 

7,431 

Connecticut.. 

51 
3 
19 

51 

3 

143 

9,  496 

Delaware 

2,034 
22,  466 
19,  550 

4  037 

Florida ..  

391 

Georgia.. ...  .  ... 

Idaho 

497 
3,071 
1,712 
1,813 

2 

2 

130 

510 
24 
153 

Illinois . 

428 

509 
23 

104 

2 

36  266 

(*) 

1 
6 

1 

23  497 

Iowa -      -.  

13,047 

43 

10  236 

Kentucky. ..  . 

12,671 

75 

2 

(') 

77 

16,000 

205 

730 

876 

1.349 

2,  301 

579 

593 

843 

232 

71 

99 

2,019 

444 

1,728 

521 

5X0 

2,101 

1 .  282 

1,362 

4 

232 

259 

309 

5,550 

Maryland - 

9,857 

Massachusetts .  .  

19,  836 

Michigan 

4 

1 

1 

5 
201) 

29,  4311 

Minnesota . 

Apr    23 

199 

15,  493 

(5) 

10,  222 

121 

11 

135 

11,217 

Montana 

4,581 

m 

105 

11  030 

Nevada.  

C) 

1,  177 

New  Hampshire.. 

3,  286 

New  Jersey 

26 
19 
63 

2 

28 
19 
74 
964 
02 

21,593 

4,  022 

May  10 

11 
6 

61,915 

North  Carolina 

958 

61 

23,  393 

North  Dakota ..  ..     

1 

2,  93.", 

Ohio 

46,  538 

Oklahoma 

4 

4 

2 

9 

4 

231 

84 

1.021 

7 

3 

13,772 

2 
5 

9,801 

Pennsylvania..  .. 

4 

55,  720 

Rhode  Island 

Apr.   22 

4 

3,  094 

South  Carolina 

234 

84 

1,024 

11,135 

South  Dakota _ 

4,  155 

Tennessee .    . 

18,938 

Texas .  ...  

6,221 

7 

41,678 

Utah  .. 

2 

1 

3,424 

Vermont 

2,  323 

1.2111) 

207 

1,495 

(*) 
2 

8 

7 

12 

8 
14 
8 
214 
2 
8 

16,  122 

Apr.      1 

15,  2S2 

8,  496 

Wisconsin 

: 

19,751 

Wyoming 

2 
8 

2,  500 

13 

2,  732 

Total  .. 

Weightt 

d  average  rate  3.91 
cents 

800,  140 

43,210 

756,  930 

260 

4.670 

39 

93 

5,068 

701,998 

1  Stars  (*)  indicate  amounts  less  than  $500. 

!  Fees  for  inspection  of  motor- vehicle  fuel.    Wherever  possible  fees  for  inspection  of  kerosene  and  other  non-motor-vehicle  fuels  have  been  eliminated. 

3  Includes  fees  for  motor-fuel  carrier  permits,  refund  or  exemption  permits,  interest  on  deposits,  and  miscellaneous  unclassified  receipts. 

4  Receipts  from  tax  on  lubricating  oil,  $570,000,  not  included  in  this  table. 

6  Special  taxes  of  3  cents  per  gallon  in  Hancock  County  and  2  cents  per  gallon  in  Harrison  County  are  imposed  for  sea-wall  protection.  The  receipts  from  these  taxes,  $151,000, 
in  1937,  are  not  included  in  this  table. 

8  Tax  was  5  cents  Jan.  1  to  Feb.  28;  4  cents  Mar.  1  to  24;  5  cents  Mar.  25  to  Dec.  31. 

'  Ohio  imposes  a  3-cent  tax  on  motor-vehicle  fuel  and  a  1-cent  tax  on  all  liquid  fuels.  The.  receipts  from  the  1-cent  tax  applicable  to  non-motor-vehicle  fuels  (kerosene,  fuel 
oil,  etc.)  were  $662,000.     These  receipts  have  been  eliminated  from  the  total  given,  which  represents  a  4-eent  tax  on  motor-vehicle  fuel. 
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ACCIDENTS  ON  THE  ROAD 

BASES  OF  STATISTICS  AND  THEIR  UNIFICATION;  DETERMINATION  OF  CAUSES  OF  ACCIDENTS  AND 

MEANS  FOR  DIMINISHING  THEM  ' 

By  SIDNEY  J.  WILLIAMS,  Director.  Public  Safety  Division,  National  Safety  Council 


THE  HIGHWAY  ACCIDENT  PROBLEM,  like 
any  other,  demands  searching  diagnosis  before 
treatment  may  be  attempted.  Our  chief  diagnostic 
instrument  in  this  case  is  statistics.  They  provide  the 
information  by  which  we  can  weigh  each  element  to  de- 
termine its  relative  importance  and  decide  where  and 
how  to  apply  remedies. 

Fatality  statistics  are  collected  in  the  United  States 
mostly  by  departments  of  the  various  States,  usually 
the  health  department  or  the  body  administering  the 
motor-vehicle  laws.  This  system  is  facilitated  by  laws, 
in  force  in  35  of  the  48  States  and  the  District  of  Co- 
lumbia, that  require  drivers  involved  in  accidents  re- 
sulting in  injury  or  death  to  report  them  to  some  enforce- 
ment or  administrative  agency.  In  31  of  these  States, 
property  damage  accidents  likewise  must  be  reported. 

The  Federal  Bureau  of  the  Census  compiles  the 
Nation-wide  figures  in  connection  with  its  tabulation  of 
general  vital  statistics.  Its  annual  motor-vehicle  fa- 
talities statistics  are  the  ultimate  authority. 

The  National  Safety  Council  is  constantly  compiling 
monthly  and  annual  statistics  from  States  and  cities 
and  shortly  after  the  close  of  each  year  publishes  its 
statistical  summary,  Accident  Facts.  Since  this  publi- 
cation is  issued  before  the  Census  Bureau  figures  are 
released,  it  is  necessary  to  estimate  the  total  fatalities 
and  other  figures  which  this  total  governs. 

These  estimates  have  been  exceedingly  close  from 
year  to  year  and  should  tend  to  be  more  so  in  the  future 
because  a  growing  number  of  city  and  State  departments 
are  working  to  improve  their  accident  reporting  systems, 
thereby  reducing  the  element  of  guess  to  a  minimum. 
The  increase  in  accident  reporting  activity  is  being 
furthered  by  the  Council  both  by  personal  visits  of  staff 
members  to  reporting  agencies  and  in  consultations  by 
mail. 

Regarding  the  need  for  full  reports  of  accidents,  Mr. 
C.  H.  Purcell,  State  Highway  Engineer  of  California, 
says:  "The  one  principal  source  from  which  we  may 
obtain  information  *  *  *  is  the  individual  acci- 
dent report.  Too  much  emphasis  cannot  be  placed 
upon  its  importance.  Great  care  should  be  used  in  the 
preparation  of  these  report  forms,  with  a  clear  under- 
standing at  all  times  of  what  use  is  later  to  be  made  of 
their  contents.  What  is  actually  recorded  on  the  form 
and  not  what  the  designer  of  the  form  may  have  ex- 
pected to  be  recorded — is  all  that  is  of  any  value.  For 
this  reason  only  disappointment  can  follow  if  due  con- 
sideration has  not  been  given  to  the  type  of  person 
upon  whom  we  must  depend  for  the  common,  standard 
accident  report.  Only  by  the  accumulation  of  thou- 
sands of  such  reports  can  any  sufficiently  broad  statis- 
tical base  be  built  up. 

"  *  *  *  The  common,  or  standard,  accident  re- 
port will  provide  pertinent  data  as  to  the  apparent  phys- 
ical condition  of  the  persons  involved  and  also  as  to 
their  actions,  but,  except  in  the  most  obvious  cases,  will 
of  course  contain  no  direct  reference  to  mental  condition. 

1  Report  for  the  United  States  to  the  Eighth  International  Road  Congress  held  at 
The  Hague,  June  19-JuIy  2,  1938. 
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"  *  *  *  While  complete  statistics  on  the  per- 
sons, the  machines  and  the  roads,  are  all  basically  essen- 
tial, there  still  remains  the  one  elemental  factor  without 
which  there  can  be  no  meaning  to  any  study  of  highway 
accidents.  This  is  the  amount  and  character  of  traffic. 
The  number  of  accidents,  judged  solely  on  the  basis  of 
drivers,  cars,  and  miles  of  road,  may  appear  either  exces- 
sive or  inconsequential,  but  there  can  be  no  real  basis  for 
judgment  until  we  know  what  kind  of,  and  how  much 
travel  was  involved  during  the  period  in  which  these 
accidents  occurred." 

Since  1924,  the  National  Safety  Council  has  sponsored 
the  Standard  Accident  Reporting  System  not  only  as  ;i 
means  of  presenting  statistics  uniformly,  but  also  of 
bringing  out  those  details  which  are  necessary  in  com- 
plete diagnosis.  Approximately  30  of  the  48  States  and 
some  300  cities  now  use  the  Standard  System. 

Another  effort  toward  uniform  accident  reporting  and 
wider  coverage  is  being  made  by  the  Joint  Committee  on 
Uniform  Accident  Statistics,  sponsored  by  the  National 
Safety  Council  and  the  American  Association  of  Motor 
Vehicle  Administrators.  The  committee  represents 
leading  governmental  agencies  dealing  with  statistics 
who  are  cooperating  to  obtain  similar  definitions  for  the 
various  types  of  vehicle  accidents,  and  generally  to  im- 
prove the  collection  and  compilation  of  figures  so  that 
those  who  are  trying  to  reduce  accidents  will  have  the 
fullest  information. 

Concerning  the  need  for  complete  statistics,  and  the 
possibilities  they  open,  Mr.  A.  A.  Anderson,  Manager 
of  the  Highways  and  Municipal  Bureau  of  the  Portland 
Cement  Association,  contributes  the  following: 

Until  recently  no  concerted  action  has  been  taken  to  obtain 
complete  information  regarding  all  factors  contributing  to  high- 
way accidents.  Previous  information  has  generally  been  con- 
fined to  recording  the  few  facts  necessary  to  establish  the  respon- 
sibility for  the  accidents,  and  such  general  data  as  location,  time, 
and  weather. 

The  inadequacy  of  such  information  is  apparent.  There  is  also 
a  lack  of  uniformity  in  methods  of  reporting  but  with  greater 
emphasis  on  the  need  of  complete  accident  records,  undoubtedly 
a  uniform  report  will  be  developed. 

Many  States  now  require,  by  law,  a  detailed  report  of  all  high- 
way accidents  and  it  is  expected  that  greater  light  will  soon  be 
thrown  on  the  real  factors  affecting  conditions  which  cause 
accidents. 

Just  as  facts  are  required  for  proper  planning  of  the  highway 
system  and  structural  design  of  the  road,  so  are  accident  facts 
necessary  before  highway  safety  can  be  built  into  the  highways 
and  existing  defects  corrected. 

Basic  information  is  needed  from  original  accident  reports. 
This  should  be  collected  and  compiled  in  a  uniform  manner.  It 
is  essential  that  such  information  include  data  which  will  permit: 

a.  Listing    accidents    on    a    vehicle-mile    basis    for    specific 

highways  (day  and  night). 

b.  A  rating  to  be  made  of  the  physical  safety  of  each  highway 

in  relation  to  conditions  causing  accidents. 
This  will  mean  mandatory   provisions  by  the  State  or  local 
government  for  reporting  all   details  incident   to  highway  acci- 
dents.     Many  States  have  already  taken  such  steps. 

When  all  contributing  factors  are  obtained  it  will  be  possible 
to  develop  an  accident  expectancy  formula  based  on  traffic  volume 
and  the  physical  rating  of  the  highway.  When  such  a  formula 
is  developed  it  will  enable  traffic  engineers  to: 

a.  Predict  the  number  of  accidents  on  a  highway  having  a 
given  traffic  and  known  physical  rating. 
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b.  Determine  the  accident  reduction  which  would  follow  if 

the  physical  hazards  were  eliminated. 

c.  Estimate   the   expenditure    which   could    be   justified   to 

remove  physical  hazards. 
Every  road  has  its  own  characteristics  and  by  studying  these 
along  with  the  detailed  accident  reports,  then  without  doubt  the 
causes  of  accidents  can  be  segregated  and  evaluated. 

To  get  an  idea  of  the  size  of  the  problem  confronting 
ns,  it  is  only  necessary  to  review  the  annual  motor- 
vehicle  fatality  totals  since  1913.  These  show  clearly 
how  the  motor  car  is  claiming  more  and  more  attention 
in  accident  prevention  (table  1). 

Table   1. — Accident  fatality  totals 


Year 

Number  of 

motor- vehicle 

fatalities 

Number  of 
fatalities  re- 
sulting from 
all  accidents 

Ratio  of 

motor- vehicle 

to  all  accident 

fatalities 

1936             

i  37,  800 
36, 369 
36,  101 
31,  363 
29, 451 
25,  796 
15,  326 
10, 235 
4,227 

i  111,000 
99, 967 
101,  139 
91, 087 
89, 167 
92, 874 
76,  420 
90,116 
82,  460 

Percent 
34 

1935                     

36 

1934                       

36 

1933 

1932                       

34 
33 

1927                           -    

28 

1922                         

20 

1917                               

11 

1913      

5 

'  Estimated. 

This  rising  importance  is  shown  also  by  the  fact  that 
in  the  United  States  there  are  only  4.55  people  per 
vehicle  of  all  types  and  5.31  persons  for  each  passenger 
automobile  (1936). 

Other  facts  that  come  to  light  in  studying  accident 
causes  are  shown  in  a  general  way  by  the  following  ar- 
ticle, What  Causes  Traffic  Accidents?  published  in  the 
1937  edition  of  Accident  Facts: 

No  one  can  say  exactly  how  many  motor-vehicle  accidents  in 
the  United  States  are  due  to  particular  causes,  because  few  acci- 
dents are  investigated  carefully  enough  to  determine  exactly  what 
was  the  cause,  and  because  most  accidents  have  not  one  but  a 
combination  of  several  causes. 

Highway  defects. — Starting  with  the  less  important  causes,  we 
know  that  many  highways  are  not  yet  as  safe  as  they  could  be 
made.  They  are  too  narrow,  curves  are  too  sharp,  signs  and 
signals  are  not  standard,  and  so  on.  These,  when  combined  with 
inattention  or  ignorance  on  the  part  of  the  driver,  often  result 
in  accidents.  The  careful,  skillful  driver,  however,  rarely  has  an 
accident  even  on  a  defective  highway. 

Vehicular  defects. — Defects  of  the  vehicle  itself  are  estimated 
to  cause  or  help  to  cause  at  least  15  percent  of  the  accidents. 
The  most  important  vehicular  defects  are  defective  brakes  and 
deficient  or  glaring  headlights.  As  with  unsafe  highways,  how- 
ever, the  careful,  skillful  driver  can  generally  avoid  accidents, 
even  if  his  vehicle  is  somewhat  defective. 

The  pedestrian. — Pedestrians  act  unsafely  under  many  circum- 
stances; children  play  in  the  street,  *  *  *  adults  take  foolish 
chances  by  crossing  a  street  in  mid-block,  or  against  the  signal, 
or  when  intoxicated — with  disastrous  results. 

The  driver. — The  driver  is  the  most  important  element  in  our 
traffic  accident  situation.  Some  drivers  have  accidents  because 
they  are  actually  defective  in  mind  or  body     *     *     *. 

A  much  greater  number  have  accidents  because  they  do  not 
know  how  to  drive.  They  have  never  learned  proper  methods  of 
making  turns,  backing,  or  signaling;  they  do  not  observe  right- 
of-way  rules,  stop  signs,  or  traffic  signals,  to  say  nothing  of  their 
obligation  toward  pedestrians  and  other  highway  users. 

The  greatest  number  of  drivers  who  have  accidents,  however, 
are  neither  physically  defective  nor  ignorant  of  traffic  rules. 
They  don't  really  want  to  have  an  accident,  but  neither  do  they 
sufficiently  want  not  to  have  one.  They  take  chances  by  going 
too  fust ;  they  pass  other  cars  on  hills  and  curves;  they  cross  rail- 
road tracks  without  looking;  they  do  not  slow  down  at  intersec- 
tions; they  expect  other  drivers  and  pedestrians  to  get  out  of  their 
way  regardless  of  traffic  conditions. 

The  remedy.  After  all,  it  is  not  so  important  that  we  cannot 
determine  exactly  what  percentage  of  accidents  is  due  to  any  one 
of  these  complex  causes.  We  are  interested  in  eliminating  the 
accidents,  and  these  causes  tell  us  how  to  proceed.     First,  we 


must  improve  our  highways  and  keep  our  vehicles  in  good  condi- 
tion. Second,  and  more  important,  we  must  teach  drivers  and 
pedestrians  to  realize  the  accident  possibilities  of  all  their  actions 
on  streets  and  highways  and  to  act  accordingly. 

In  discussing  accidents  chargeable  to  the  driver, 
Dr.  H.  C.  Dickinson,  National  Bureau  of  Standards, 
says: 

It  seems  that  highway  accidents  for  which  drivers  are  re- 
sponsible might  be  represented  in  two  classes  between  which 
classes,  of  course,  there  is  no  rigid  line  of  separation  but  which 
still  possess  important  differences. 

Suppose  we  picture  two  classes  of  drivers  which  may  be  called 
good  and  bad  for  lack  of  a  better  distinction. 

The  question  which  the  writer  wants  to  ask  in  all  seriousness 
is:  "What  percentage  of  our  accidents  is  due  to  drivers  who 
individually  would  be  classed  as  good  drivers,  drivers  who  do 
not  customarily  permit  themselves  to  do  the  things  which  they 
know  have  caused  accidents?" 

There  seems  to  be  no  way  of  making  even  an  intelligent  guess 
as  to  what  percentage  of  accidents  is  due  to  good  drivers,  mainly 
because  we  have  no  means  as  yet  of  finding  out  who  are  good 
and  who  are  bad  drivers. 

About  all  that  can  be  said  as  to  the  relative  number  of  acci- 
dents to  good  drivers  as  compared  to  bad  drivers  is  that  both 
are  of  parallel  importance,  either  of  them  may  be  the  more 
important. 

Dr.  Dickinson  refers  to  what  he  terms  an  "accidental 
accident"  as  one  in  which  all  drivers  involved  are 
"good"  drivers  and  explains  that  such  an  accident 
must  result  from  a  momentary  lapse  of  the  good 
qualities  of  one  or  more  drivers. 

This  type,  he  says: 

*  *  *  cannot  be  greatly  reduced  by  punishment  or 
enforcement.  The  good  drivers  cannot  be  improved  by  ex- 
hortation or  by  instilling  fear  because  they  already  are  doing 
the  best  they  know  how.  *  *  *  Confusing  signs,  bad  visi- 
bility, curves  which  deceive  the  eye  *  *  *  all  invite  acci- 
dents on  the  part  of  the  best  and  most  careful  driver. 

A  more  fruitful  source  of  good-driver  accidents  may  be  the 
confusion  of  the  regulations  themselves.  Rules  of  the  road 
that  ambiguously  prescribe  the  right  thing  to  do  cause  con- 
fusion and  errors  of  judgment  even  among  the  best  of  drivers. 

One  point  about  the  class  of  good-driver  accidents  should  be 
kept  in  mind.  These  drivers  will  differ  greatly  in  their  liability 
to  accident.  Equally  well-trained,  experienced,  and  con- 
scientious persons  in  every  line  of  activity  differ  in  this  way. 

The  bad  drivers  on  the  other  hand  have  received  most  of  the 
attention.  In  their  numbers  they  certainly  are  vastly  in  the 
minority,  and  they  may  be  so  even  in  respect  to  the  number  of 
accidents  in  which  they  are  involved.  Accidents  that  are  due 
to  this  group  presumably  can  be  reduced  by  legal  restraint  and 
enforcement.  They  might  be  reduced  more  effectively  if  the 
minority  who  take  chances  wou'd  be  identified  and  educated 
or  disciplined. 

We  need  more  information  as  to  the  relative  importance  of 
accidents  which  can  be  avoided  and  those  which  practically  can 
not,  if  appropriate  measures  are  to  be  applied  to  reduce  highway 
accidents. 

If  we  are  Jto  greatly  improve  the  situation,  driving  practices 
and  rules  of  the  road  must  be  simplified  and  clarified  so  that 
they  will  subject  the  good  drivers  to  a  minimum  of  distraction 
from  their  normal  safe  behavior.  We  must  find  some  means  of 
catching  and  educating  or  punishing  those  who  are  really  bad 
drivers,  and  we  should  get  them  before  they  cause  an  accident. 

Before  leaving  the  subject  of  accident  causes,  it  may 
be  interesting  to  present  some  of  the  significant  cir- 
cumstances which  research  has  revealed  as  surrounding 
accidents  in  the  United  States. 

For  instance,  it  has  been  found  that  four  out  of  five 
accidents  occur  on  dry  roads  in  clear  weather  and  while 
the  car  is  traveling  straight  ahead.  Although  only 
one-third  of  our  traffic  moves  on  the  highways  at  night, 
two-thirds  of  the  motor  vehicle  fatalities  occur  during 
the  hours  of  darkness.  This  is  explained  by  the  fact 
that  the  total  accident  rate  on  a  mileage  basis  during 
the  night  is  much  higher  and  that  a  higher  percentage 
of  all  the  accidents  occurring  at  night  result  in  fatalities. 
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More  accidents  happen  on  Sunday  than  any  other  day. 
Five  p.  m.  is  the  most  dangerous  hour  and  4  a.  m.  shows 
the  lowest  number  of  mishaps.  A  consensus  of  26  State 
accident  summaries  for  1936  shows  the  7  most  important 
improper  acts  to  be: 

1 .  Exceeding  the  speed  limit  or  driving  too  fast  for 

conditions. 

2.  Driving  on  the  wrong  side  of  the  road. 

3.  Disregarded  stop  signs  and  signals. 

4.  Improperly  failing  to  yield  the  right-of-way  at 

intersections. 

5.  Attempting  to  force  entrance  between  moving 

vehicles  to  avoid  collision  with  an  oncoming 
vehicle. 

6.  Attempting  to  pass  on  a  curve  or  hill  a  vehicle 

moving  in  the  same  direction. 

7.  Failing  to  signal  intention  to  stop  or  turn. 

Since  repeal  of  the  Federal  liquor  prohibition  law  a 
few  years  ago,  a  great  deal  of  attention  has  been 
centered  on  the  intoxicated  motorist.  Accident  Facts 
makes  the  following  comment : 

During  1936,  the  reported  percentages  in  26  States  of  "had 
been  drinking"  or  "intoxicated"  participants  in  fatal  accidents 
averaged  7  percent  for  drivers  and  11  percent  for  pedestrians. 
Cities  reported  an  average  of  8  percent  for  fatal  accident  drivers 
and  10  percent  for  pedestrians  killed.  That  these  percentages 
understate  by  an  unknown  amount  the  true  situation  is  the  belief 
of  most  traffic  authorities.  How  high  is  the  true  percentage? 
That  is  the  question. 

A  later  paragraph  in  the  same  article  says: 

The  reported  percentages  of  "alcohol  accidents"  have  been 
increasing  for  the  past  several  years  with  the  exception  ofl936 
in  which  year  the  percentage  of  drivers  who  "had  been  drinking" 
remained  at  7  percent,  the  same  as  in  1935;  only  6  percent  were 
so  recorded  in  1934;  and  5  percent  in  1933.  "Had  been  drink- 
ing" pedestrians  were  reported  in  only  9  percent  of  the  1935 
fatal  accidents,  8  percent  in  1934,  and  6  percent  of  the  1933  fatal 
accidents,  compared  with  the  11  percent  shown  for  1936.  Drink- 
ing drivers  and  pedestrians  are  playing  an  increasing  part  in  the 
accident  problem. 

The  discovery  of  accident  causes  is  a  challenge  to 
safety  agencies  to  start  remedial  measures.  Accident 
reduction  programs  are  carried  on  by  a  great  many 
different  organizations,  each  taking  that  part  of  the 
task  for  which  it  is  best  equipped. 

Serving  as  a  national  clearing  house  for  safety  infor- 
mation, both  public  and  industrial,  is  the  National 
Safety  Council.  We  shall,  for  the  sake  of  brevity, 
emphasize  its  work  in  public  safety. 

The  chief  activity  of  this  division  is  preventing  street 
and  highway  accidents,  although  it  also  carries  on  home- 
safety  and  child-education  programs.  Membership 
comprises  city,  State,  and  national  governmental  de- 
partments, local  safety  councils,  chambers  of  commerce, 
automobile  clubs  and  other  civic  organizations,  insur- 
ance, transportation,  public  utility,  and  other  industrial 
companies.  The  Council  is  supported  by  the  dues  of 
these  members  and,  thus,  is  nonpolitical  and  non- 
partisan. It  is  in  no  way  controlled  by  any  branch  of 
Government.  Its  services  consist  of  technical  advice 
and  promotional  activities,  both  by  letters  and  per- 
sonal visits  as  well  as  booklets  and  posters  covering 
every  phase  of  the  problem. 

The  Council  also  conducts  the  National  Traffic 
Safety  Contest  in  which  1,101  cities  compete  for  annual 
awards  based  on  safety  activities  and  reduction  of 
motor-vehicle  fatalities.  Cities  compete  in  their  own 
population  groups  with  a  prize  for  the  winner  in  each 
group  and  grand  prize  covering  all  groups.     Forty-two 


States  also  are  entered  and  are  graded  roughly  on  the 
same  basis  as  cities. 

Within  the  past  few  years,  the  automobile  industry 
has  taken  an  important  part  in  accident  prevention. 
The  Automobile  Manufacturers'  Association  has  estab- 
lished the  Automotive  Safety  Foundation,  the  main 
function  of  which  is  the  giving  of  financial  support  to 
organizations  working  directly  in  the  interest  of  safety. 
These  organizations  include  the  National  Safety  Coun- 
cil, International  Association  of  Chiefs  of  Police. 
Harvard  and  Northwestern  Universities,  General  Fed- 
eration of  Women's  Clubs,  National  Congress  of  Parents 
and  Teachers,  and  others. 

Motor  clubs  and  their  associations,  such  as  the 
American  Automobile  Association,  are  carrying  on  an 
active  public  safety  program  comprising  such  things 
as  driving  and  safety  courses  for  schools,  dissemination 
of  safe  driving  literature,  and  the  support  of  safety 
legislation. 

Insurance  companies,  both  individually  and  through 
their  organizations,  are  spending  large  sums  to  educate 
the  public  in  the  fundamentals  of  safety.  They  dis- 
tribute booklets  and  other  information  as  well  as  pro- 
viding specific  services  to  their  clients.  Operators  of 
motor-vehicle  fleets,  for  instance,  can  obtain  the  advice 
of  their  insurance  company's  fleet  safety  engineers. 

Public  safety  is  largely  the  responsibility  of  public 
officials  who  have  authority  to  put  the  various  meas- 
ures into  effect.  The  excellent  manner  in  which  many 
groups  of  officials  have  assumed  this  responsibility  it, 
demonstrated  by  the  American  Association  of  State 
Highway  Officials.  For  several  years  it  has  actively 
advocated  the  standardization  of  traffic  signs,  signals, 
and  markings  as  well  as  the  incorporation  of  safety 
features  in  road  construction.  The  American  Associa- 
tion of  Motor  Vehicle  Administrators  is  another  safety- 
minded  organization  which  has  promoted  uniformity 
of  traffic  laws  and  their  administration. 

The  International  Association  of  Chiefs  of  Police 
maintains  a  Safety  Division  with  a  full  time  director 
and  a  staff  of  assistants.  The  Safety  Division  conducts 
a  service  by  which  it  trains  police  squads  in  scientific 
accident  investigation.  It  also  helps  sponsor  traffic 
officers'  training  schools  in  which  working  traffic 
officers  are  schooled  in  the  latest  developments  of 
their  job. 

Although  motor-vehicle  laws  are  made  and  enforced 
primarily  by  the  States,  the  Federal  Government  is 
attacking  the  traffic  safety  problem  on  many  fronts. 
The  Bureau  of  Public  Roads  administers  Federal 
financial  aid  to  State  highway  construction  and  thereby 
exerts  a  powerful  influence  in  seeing  that  highway 
construction  and  alteration  include  the  best  safety 
principles.  The  Bureau  has  recently  completed  its 
Report  to  Congress  on  Study  and  Research  of  Traffic 
Conditions  and  Measures  for  Their  Improvement. 
This  report  is  a  study  of  vehicle  death  rates,  safety 
legislation,  accident  causes  and  suggested  "cures"  and 
is,  in  fact,  a  complete  investigation  of  the  problem. 

The  Federal  Government  does  administer  directly  the 
regulation  of  trucks  operating  in  interstate  commerce 
through  the  Interstate  Commerce  Commission.  It 
specifies  the  maximum  size,  weight,  and  loads  of  such 
vehicles,  the  safety  equipment  (such  as  distinguishing 
lights)  each  truck  must  carry,  and  similar  safety 
measures. 

Transit  companies,  such  as  tram  and  bus  lines,  are 
working  to  solve  two  big  problems:  One  is  the  operation 
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of  their  vehicles  in  such  way  as  to  cause  a  minimum  of 
traffic  congestion.  This  includes  the  elimination  of 
collisions  and  the  development  of  means  for  taking  on 
and  discharging  passengers  ■without  obstructing  other 
vehicles.  The  other  is  the  reduction  of  accidents  in 
which  pedestrians  and  passengers  are  hurt  either  by  be- 
ing struck  by  the  vehicle  or  falling  while  entering, 
riding,  or  alighting. 

Such  groups  as  the  General  Federation  of  Women's 
Clubs  and  the  National  Federation  of  Business  and  Pro- 
fessional Women's  Clubs  also  cooperate  in  broad  safety 
programs.  The  General  Federation  encourages  its  local 
affiliates  to  sponsor  a  safety  program  in  their  States  and 
communities,  including  the  support  of  safety  legis- 
lation. 

The  promotion  of  general  public  safety  now  is  carried 
on  in  37  States  by  organizations  of  citizens  and  officials 
comprising  what  we  shall  call  here  State  safety  councils, 
although  they  may  hear  a  variety  of  names,  such  as 
traffic  commissions  and  safety  committees. 

A  typical  State  safety  council  consists  of  a  board  of 
directors  comprising  the  president,  vice  president,  and 
representatives  of  all  bodies  concerned.  These  include 
State  officials,  such  as  the  Governor,  highway  com- 
missioner, motor-vehicle  administrator,  chief  of  the 
highway  patrol,  chairman  of  the  public  utilities  and 
industrial  commissions,  commissioner  of  education,  and 
others.  There  are  also  representatives  of  business  and 
industrial  groups  who  have  an  active  interest  in  safety 
and  civic  leaders  representing  local,  civic,  patriotic,  and 
other  interested  organizations.  Another  group  repre- 
sented on  the  board  of  directors  is  the  chairman  of  each 
recognized  county  and  local  safety  council  in  the  State. 
Responsible  to  the  board  of  directors  is  an  executive 
committee  made  up  of  council  officers  and  the  chairmen 
of  standing  committees  handling  such  work  as  legisla- 
tion, education,  statistics,  engineering,  and  enforce- 
ment. There  is  also  an  executive  who  devotes  his  full 
time  to  handling  council  affairs.  These  councils  may 
be  supported  financially  by  the  State  or  by  private 
subscriptions. 

The  accompanying  chart,  "Highway  Safety  Program 
for  States,"  outlines  the  seven  points  necessary  in  a 
comprehensive  accident  reduction  campaign.  Not 
every  State  having  a  safety  organization  has  all  of  these 
seven  program  activities  in  effect,  but  the  States  that 
have  the  best  accident  reduction  records  have  more  of 
them  than  the  States  with  poorer  records. 

The  above  described  program  is  not  intended  for 
cities  or  local  communities.  A  plan  of  action  suitable 
for  these  smaller  and  more  compact  units  may  include 
all  or  any  part  of  the  following: 

1.  Statistics. — Endeavor    to    introduce    modern     accident- 

reporting  systems  and  convenient  record  systems; 
compile  and  interpret  monthly  accidents  totals  and 
release  them  through  newspapers;  study  and  use  the 
statistics  as  a  basis  for  suggested  remedies  directed 
along  lines  of  engineering,  education,  and  enforcement. 

2.  Traffic  engineering. — Work  for  the  revision  of  local  ordi- 

nances to  conform  with  the  model  advocated  by  the 
National  Conference  on  Street  and  Highway  Safety; 
promote  the  installation  of  a,  traffic  engineering  depart- 
ment in  the  city  government;  conduct  independent 
studies  of  traffic  conditions;  and  support  all  efforts 
toward  the  standardization  of  signs,  signals,  and 
markings. 

3.  Public  education. — Develop  a  regular  publicity  program 

to  keep  the  public  informed  of  the  council's  work; 
have  the  city  entered  in  the  National  Traffic  Safety 
Contest;  conduct  safety  meetings  and  special  cam- 
paigns for  safe  driving. 


4.  School  and  child  safety. — Encourage  safety  instruction  in 

schools,  to  be  supervised  by  a  responsible  official; 
organize  school  safety  patrols  and  junior  safety  coun- 
cils; and  carry  out  a  program  of  playground  safety. 

5.  Commercial  vehicle  safety. — Conduct  an  interfleet  safety 

contest,  holding  regular  meetings  of  superintendents 
and  drivers  to  promote  the  safe  operation  of  com- 
mercial vehicles. 

6.  Traffic  law  enforcement. — In  cooperation  with  the  police 

and  the  courts,  urge  the  establishment  of  a  traffic 
division  and  accident  investigation  squads  as  part  of 
the  police  force;  help  eliminate  official  misconduct 
which  allows  violators  to  escape  punishment;  and  en- 
courage the  separation  of  traffic  courts  from  those 
handling  other  kinds  of  cases. 

Safety  work  is  done  in  the  local  communities  by 
county  or  city  safety  councils.  If  the  towns  in  a 
county  are  all  small,  a  single  county  safety  council  is 
most  effective.  For  the  larger  cities,  on  the  other  hand, 
separate  city  councils  function  better. 

A  typical  community  safety  council  should  include 
persons  with  an  economic  interest  in  safety,  officials  with 
a  public  responsibility,  and  public  spirited  citizens. 
The  organizations  should  be  headed  by  a  director  who 
may  devote  all  or  only  a  portion  of  his  time  to  the  work 
depending  upon  the  size  of  the  council  and  the  fullness 
of  its  program. 

Legislation. — Uniform  motor-vehicle  laws  for  all 
States  and  communities  is  the  goal  of  most  safety  organ- 
izations. In  addition  to  uniformity,  these  organiza- 
tions also  are  striving  for  the  adoption  of  the  most 
modern  legislation,  as  represented  by  the  several  pro- 
posed acts  sponsored  by  the  National  Conference  on 
Street  and  Highway  Safety,  collectively  known  as  the 
Uniform  Vehicle  Code.  Special  emphasis  is  placed 
upon  Acts  II,  the  "Uniform  Operators'  and  Chauffeurs' 
License  Act"  and  V,  "Uniform  Act  Regulating  Traffic 
on  the  Highways."  The  three  other  measures  in  the 
Code  deal  with  registration  of  vehicles,  civil  liability, 
and  financial  responsibility;  hence,  they  are  not  con- 
cerned directly  with  accident  reduction. 

Cities  are  urged  to  adopt  the  Model  Traffic  Ordi- 
nances so  that  their  laws  also  will  be  uniform  and  of  an 
approved  type. 

The  third  portion  of  the  legislative  program  involves 
the  installation  of  uniform  signs,  signals,  and  markings. 
The  different  types  of  warning  and  directional  signs, 
for  instance,  can  be  identified,  if  they  are  standard,  not 
only  by  the  legend  they  bear,  but  by  their  shape  and 
coloring.  The  value  of  this  to  a  motorist  in  strange 
territory  is  obvious. 

Motor-vehicle  administration. — It  is,  of  course,  of  no 
value  to  have  good  laws  if  they  are  not  pioperly  admin- 
istered. The  State  program  under  this  heading  in- 
cludes, first  of  all,  an  adequate  uniform  accident  report- 
ing system.  Next  is  the  alert  administration  of  the 
uniform  drivers'  license  law  which  includes  examina- 
tion of  all  new  applicants  for  permits  and  the  reexami- 
nation of  drivers  with  bad  records. 

Since  a  drivers'  license  law  is,  in  effect,  a  method  of 
eliminating  dangerous  drivers,  proper  machinery  for 
revoking  and  suspending  the  permits  of  such  drivers  is 
an  important  function.  Experience  has  shown  that 
this  works  best  when  controlled  by  some  department  of 
the  State  government  rather  than  by  local  courts. 

Enforcement. — The  first  requisite  of  enforcement  is 
sufficient  personnel.  This  includes  not  only  an  ade- 
quate, well-equipped  highway  patrol  for  the  State,  but 
similarly  well  organized  forces  in  the  counties  and 
cities.     The  police  and  judges  must  cooperate  if  vio- 
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lators  of  the  vehicle  laws  are  to  be  punished.  For  the 
officer  this  means  the  gathering  of  sufficient  and  con- 
vincing evidence  and  the  ability  to  present  it  properly 
in  court.  For  the  judge  it  means  a  fair  attitude,  no 
mistaken  ideas  of  leniency  or  persecution,  and  a  reali- 
zation of  the  seriousness  of  the  accident  problem. 
Honesty  and  freedom  from  political  pressure  are  vital 
in  both  officials. 

Engineering. — A  good  traffic  engineering  bureau  in 
the  State  government  can  do  two  things.  It  can  put  the 
best  and  most  modem  engineering  treatment  into  effect 
on  highways  controlled  by  the  State,  and  it  can  advise 
cities  and  counties  in  their  problems.  The  State  also 
should  do  whatever  it  can  to  induce  cities  over  50,000 
population  to  have  their  own  traffic  engineers. 

Education. — Inclusion  of  definite  safety  courses  in 
school  curricula  is  spreading  in  the  United  States. 
This  should  be  furthered  in  the  State  program,  and 
should  provide  for  actual  courses  in  driving  automo- 
biles. Public  education  also  is  an  important  factor 
which  should  be  carried  on  through  the  newspapers  and 
radio,  in  much  the  same  way  as  it  is  carried  on  by  the 
community  safety  councils. 

Training  personnel. — The  promotion  of  public  safety 
has  brought  into  existence  a  new  profession  for  which 
the  training  of  leaders  and  personnel  is  necessary. 
These  include  traffic  officers,  who  now  attend  the  half 
dozen  or  so  training  schools  held  in  various  parts  of  the 
United  States,  traffic  engineers,  and  general  safety 
organizers,  whose  job  it  is  to  stimulate  interest  and  to 
carry  these  safety  programs  through  to  a  worth-while 
conclusion. 

Research. — This  report  has  discussed  earlier  several 
of  the  accident  causes  and  significant  circumstances  of 
accidents.  Constant  research  is  necessary  to  discover 
more  and  more  of  these  facts  and  to  hunt  for  any  new 
ideas  that  may  make  remedies  more  effective.  Re- 
search is  necessary  also  to  determine  the  relative 
effectiveness  of  new  safety  measures  as  they  are  pro- 
posed and  assign  each  to  the  place  in  the  whole  safety 
scheme  in  which  it  will  do  the  most  good. 

Results  of  organized  effort. — That  a  well-rounded 
safety  program  will  work,  that  it  will  reduce  accidents, 
is  proved  conclusively  by  several  American  cities. 
Table  2  shows  the  accident  experience  of  these  cities 
which  applied  the  recommended  programs. 


Table   2. — Accident  records  of  cities  that  applied  recommended 
safety    programs 


City 


New  York,  N.  Y 
Baltimore,  Md._ 
Milwaukee,  Wis. 
Rochester,  N.  Y_ 

Dallas,  Tex 

Providence,  R.  I. 
Syracuse,  N.  Y__ 
Wilmington,  Del 
Allentown,  Pa.-. 
Evanston,  111 


Popula- 
tion 


6, 930,  400 
804, 800 
578,  200 
328, 100 
260,  500 
253,  000 
209,  300 
106,  600 
92,  600 
63,  300 


Average 

death  rate 

5  years 

ending 

1931 


16.4 
18.5 
17.2 
12.8 
21.2 
13.9 
16.4 
15.0 
14.5 
13.7 


Average 

death  rate 

5  years 

ending 

1936 


13.7 
16.7 
12.1 
12.3 
16.4 
9.8 
9.8 
13.5 
14.1 
7.7 


Percent 
change 


-16.5 

-9.7 

-29.7 

-3.9 

-22.  6 

-29.5 

-40.2 

-10.0 

-2.8 

-43.8 


Figures  for  cities  which  did  not  employ  effective 
safety  programs  reveal  much  higher  death  rates,  espe- 
cially during  the  5-year  period  ending  with  1936.  Not 
one  of  the  cities  listed  above  had  a  death  rate  as  high  as 
the  average  of  all  cities  in  its  own  population  group. 

This  demonstrates  that  accidents  can  be  reduced 
with  intelligent  leadership,  cooperation  of  all  interested 
groups  including  the  general  public,  and  a  compre- 
hensive program  attacking  the  problem  along  lines  of 
engineering,  education,  and  enforcement.  We  cer- 
tainly do  not  know  all  there  is  to  know  about  accidents, 
but  we  do  know  their  chief  causes  and  something  of 
how  to  remedy  them.  The  process,  then,  is  one  of  re- 
cruiting an  army  of  officials  and  citizens  to  help,  and  of 
educating  everyone  to  his  own  responsibility  whether  it 
be  for  walking  safely  across  the  street  or  for  establish- 
ing a  State-wide  program. 

The  United  States  is  awake  to  the  need  for  safety  as 
it  never  has  been  in  the  past.  The  big  task  of  the  mo- 
ment is  to  coordinate  all  the  good  work  that  is  being 
done  and  to  guide  enthusiasm  into  channels  by  which  it 
will  achieve  the  best  results. 

ACKNOWLEDGMENTS 

The  Principal  Reporter  acknowledges  the  very  valu- 
able papers  contributed  by  Mr.  A.  A.  Anderson,  Man- 
ager of  the  Highways  and  Municipal  Bureau  of  the 
Portland  Cement  Association;  Dr.  H.  C.  Dickinson,  of 
the  National  Bureau  of  Standards;  and  Mr.  C.  H. 
Purcell,  State  Highway  Engineer  of  California. 

Mr.  Anderson's  shorter  paper  is  quoted  in  this  report 
in  its  entirety  and  excerpts  have  been  taken  as  indicated 
from  the  papers  by  Dr.  Dickinson  and  Mr.  Purcell. 


SEGREGATION  OF  THE  VARIOUS  CLASSES 
OF  TRAFFIC  ON  THE  HIGHWAY 

Reported  by  R.  E.  TOMS,  Chief,  Division  of  Design,  United  States  Bureau  of  Public  Roads 


Introduction. — The  increase  in  the  number  of  motor 
vehicles  in  the  United  States  from  640,000  to  28,000,000 
over  a  period  of  25  years,  together  with  steady  increases 
in  the  mileage  traveled  by  each  vehicle  and  in  the  speed 
of  traffic,  has  made  necessary  the  development  and 
construction  of  many  ingenious  designs  for  traffic  move- 
ment, segregation,  and  safety. 

Carriageways. — The  principal  items  controlling  the 
distribution  of  vehicular  traffic  on  the  road  are  traffic 
density,  character  of  traffic  and  assumed  design  speed. 
The  American  Association  of  State  Highway  Officials  is 
considering  the  classification  of  all  highways  in  terms  of 
these  essential  factors  to  indicate  readily  the  services 
which  may  be  expected  of  a  highway  in  each  class. 
Each  classification  is  indicated  therein  by  two  figures 
and  a  letter.  For  example,  the  classification  1000  M  50 
indicates  a  highway  on  which  a  mixed  vehicular  traffic 
of  1,000  vehicles  per  hour  can  be  accommodated  at  an 
assumed  design  speed  of  50  miles  per  hour;  600  T  30 
indicates  a  highway  on  which  600  vehicles  per  hour, 
mostly  heavy  trucks,  can  be  accommodated  at  an  as- 
sumed design  speed  of  30  miles  per  hour.  Likewise,  a 
3000  P  50  classification  indicates  a  highway  capable  of 
accommodating  essentially  3,000  passenger  cars  per 
hour  at  a  speed  of  50  miles  per  hour. 

The  proper  number,  spacing  and  width  of  traffic 
lanes  is  an  extremely  important  consideration  in  the 
segregation  of  motor  vehicles  and  their  safe  use  on  the 
highways.  The  State  highway  systems  of  the  United 
States  comprise  approximately  340,000  miles  of  high- 
ways that  represent  the  main  routes  of  highway  travel 
in  the  United  States.  Of  this  total,  4,704  miles  are 
three-lane  highways,  3,082  miles  are  four-lane  highways, 
and  221  miles  are  six-lane  highways.  Of  the  3,303 
miles  of  four-  and  six-lane  highways  only  604  miles  are 
constructed  so  that  traffic  in  opposing  directions  is 
separated  by  a  raised  parkway  or  median  strip.  The 
remainder  or  approximately  332,000  miles  are  of  two- 
lane  construction,  and  there  is  now  no  evidence  that 
more  than  95  percent  of  all  roads  in  the  State  highway 
systems  can  or  will  need  to  be  advanced  beyond  the 
stage  of  adequate  two-lane  improvement.  A  properly 
constructed  two-lane  highway  is  capable  of  carrying 
traffic  of  from  3,000  to  5,000  vehicles  per  day  without 
serious  congestion.  There  is,  therefore,  no  need  or 
economic  justification  to  provide  three-  or  four-lane 
construction  where  expected  traffic  densities  are  not 
likely  to  exceed  those  mentioned. 

Opinion  is  sharply  divided  as  to  the  wisdom  of  three- 
lane  construction.  In  the  vicinity  of  cities  where  the 
predominating  flow  of  traffic  is  in  one  direction  at  differ- 
ent periods  during  the  day  and  ample  sight  distance  is 
available,  three-lane  highways  add  to  the  flexibility  of 
movement  and  traffic  capacity  of  the  road.  It  is 
believed  by  some  who  have  observed  the  operation  of 
three-lane  highways  that  as  traffic  increases  the  hazards 
increase  at  a  greater  ratio  than  in  the  case  of  the  two- 
lane  or  four-lane  highways.  However,  there  appears 
to  be  no  factual  data  indicating  that  the  number  of 
accidents  on  three-lane  highways  is  greater  than  the 
number  of  accidents  on  two-lane  highways  when  the 


number  of  vehicles  on  each  is  less  than  enough  to  fill 
the  road  and  to  make  turning  out  impracticable. 

In  general,  a  three-lane  highway  for  safe  usage 
should  have  very  good  sight  distances  at  frequent  inter- 
vals to  permit  passing  at  high  speed.  Present  knowl- 
edge and  experience  does  not  support  a  contention 
that  a  properly  designed  three-lane  highway  has  no 
place  in  the  highway  program.  While  it  may  not  be 
wholly  desirable,  economic  considerations  cannot  be 
disregarded.  Certainly  a  three-lane  highway  that  lends 
itself  to  future  expansion  into  a  four-lane  divided  high- 
way seems  to  be  a  logical  phase  of  stage  development. 
In  the  State  of  California  three-lane  highways  are  being 
constructed  as  part  of  a  program  of  progressive  stage 


A  Three-Lane  Dual  Pavement  on  US  30  in  Pennsylvania. 

development  to  afford  increased  capacity,  better  serv- 
ice to  traffic  and  better  economic  use  of  the  funds 
available.  A  greater  mileage  of  improved  facilities  is 
being  provided  by  stage  construction  than  would  be 
possible  in  using  available  funds  for  an  ultimate  divided 
four-lane  highway. 

Designs  for  these  three-lane  pavements  in  the  State 
of  California  incorporate  features  which  make  them 
readily  convertible  into  divided  four-lane  highways. 
Outside  lanes  are  of  portland-cement  concrete  and  the 
middle  lane  is  of  less  costly  bituminous  construction. 
The  outer  permanent  lanes  carry  most  of  the  traffic  load 
and  the  center  lane  is  used  primarily  for  passing  pur- 
poses. When  future  expansion  to  a  four-lane  highway 
becomes  necessary  because  of  increased  traffic,  the 
surfacing  material  of  the  center  lane  will  be  removed 
and  salvaged  for  shoulder  treatment.  The  original 
center  lane  then  becomes  the  dividing  strip  for  planting 
and  the  two  permanent  lanes  become  the  inside  lanes  of 
a  four-lane  divided  highway  after  two  new  outside 
lanes  of  concrete  have  been  added.  The  center  lane 
is  usually  of  a  darker  color  than  the  outer  lanes  and  the 
contrasting  color  and  difference  in  surface  texture  seem 
to  prevent  its  ^discriminate  use  for  other-than-passing 
purposes.  Without  adequate  sight  distance  the  three- 
lane  highway  is  little  better  than  a  two-lane  highway. 

Three  and  four-lane  highways  of  dual  type  surfacing 
using  bituminous  mixtures  for  interior  lanes  and  port- 
land  cement  concrete  for  exterior  lanes  have  been  used 
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A  Four-Lane  Divided  Highway  in   Massachusetts. 


for  a  number  of  years  in  the  States  of  Massachusetts 
and  Pennsylvania  with  considerable  satisfaction. 

When  traffic  is  sufficient  in  volume  to  require  the 
use  of  4  traffic  lanes  the  physical  separation  of  traffic 
moving  in  opposite  directions  is  desirable  to  reduce 
traffic  hazards.  A  raised  diving  strip  is  preferable  to 
a  median  strip  Hush  with  the  elevation  of  the  adjacent 
pavement.  The  width  of  the  separating'  strip  and  its 
treatment  are  important.  Raised  separations  may  be 
from  4  to  6  feet  in  width,  or  from  12  to  30  feet  or  more 
in  width.  Sections  4  to  0  feet  wide  are  too  narrow  for 
planting  and  should  be  paved,  preferably  with  an  all- 
weather  type  of  surfacing  of  a  color  contrasting  with  the 
traffic  lanes.  This  is  to  reduce  maintenance  of  surface 
and  emphasize  its  presence.  The  width,  however, 
should  not  he  so  great  as  to  permit  the  use  of  the  sepa- 
rating strip  for  the  passing  or  parking  of  vehicles.  A 
separation  12  to  30  feet  or  more  in  width  is  ample  to 
support  a  vegetative  cover  that  will  serve  to  prevent 
its  use  by  vehicles  except  in  emergencies. 

The  distance  hetween  roads  need  not  he  uniform. 
Advantage  may  he  taken  of  the  peculiarities  of  the 
topography  and  available  right-of-way  to  construct  two 
highways  with  sweeping  graceful  alinement  and  avoid 
the  bare  hardness  in  appearance  resulting  from  uniform 
widths,  grades,  and  side  slopes.  The  danger  and 
undesirability  of  a  monotonous  road  also  may  be  avoided 
by  variable  widths  and  differences  in  grade  between 
roads. 

The  wider  dividing  strips  are  to  he  preferred  to  the 
narrow-  dividing  strips  for  the  reason  that  they  reduce 


the  traffic  hazards  caused  by  glare  from  headlights, 
particularly  when  planted  with  low-growing  vegetation, 
such  as  shrubs  or  low-growing  trees.  They  also  provide 
at  intersections  an  intermediate  stop  zone  between  the 
two  roadways  for  crossing  traffic  and  for  turning  traffic. 

On  two-  and  three-lane  highways  physical  separation 
of  opposing  traffic  is  impracticable.  On  four,  and  six- 
lane  undivided  highways  median  strips  to  separate 
opposing  traffic  may  he  considered.  However,  new 
hazards  should  not  be  created  when  attempting  to 
reduce  existing  hazards.  In  such  cases  the  value  of  a 
vertical  curb  as  a  desirable  and  safe  method  of  control- 
ling traffic  is  open  to  serious  question.  Separators 
should  be  designed  so  as  to  permit  vehicles  traveling  in 
the  same  direction  to  overtake  and  pass  each  other  in 
safety  without  hazards  which  are  likely  to  result  from 
colliding  with  or  sideswiping  a  curb  and  without  en- 
couraging vehicles  to  veer  from  it  and  thus  reduce  the 
effective  width  of  surfacing.  The  high  curb  with 
vertical  face  commonly  used  in  urban  areas  around 
dividing  parkways  is  not  satisfactory  to  use  on  rural, 
high-speed  highways.  It  is  preferable  on  rural  high- 
ways to  use  a  curb  or  other  type  of  separator  designed 
to  warn  drivers  encroaching  on  the  median  neutral 
strip  but  to  permit  a  vehicle  to  ride  over  it  with  a 
minimum  of  hazard  in  cases  of  emergency. 

The  question  of  what  constitutes  suitable  or  neces- 
sary road  widths  as  determined  by  a  study  of  the  pass- 
ing of  vehicles  on  2-lane  highways  was  reported  in  the 
Septemher  1937  issue  of  Public  Roads  published  by 
the  United  States  Bureau  of  Public  Roads.     The  con- 
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elusions  of  that  study  indicate  that  pavements  of  18-foot 
width  are  too  narrow  for  modern  passenger  cars  alone 
or  for  mixed  traffic.  Pavements  of  20-foot  width  are 
reasonably  adequate  for  light  traffic  roads  used  infre- 
quently by  wide  trucks,  but  are  inadequate  for  mixed 
traffic.  Pavements  of  22-foot  width  are  entirely  ade- 
quate for  modern  mixed  traffic.  It  is  also  evident 
from  the  study  that  further  increases  in  speed  of  vehi- 
cles will  tend  to  make  necessary  road  widths  greater 
than  22  feet.  A  number  of  States  already  are  using 
for  two-lane  roads  a  width  of  24  feet  or  more. 

The  behavior  of  traffic  on  four-  and  six-lane  highways 
depends  largely  upon  whether  the  highway  is  urban  or 
rural  in  character.  On  rural  highways  all  traffic  tends 
to  use  the  outside  lanes  and  to  pass  on  the  inside  lanes. 
In  urban  areas,  particularly  where  vehicles  are  per- 
mitted to  park  along  the  outer  curbs,  traffic  tends  to 
follow  the  inner  or  midlanes,  usually,  of  course,  to 
avoid  slow  moving  traffic  and  hazards  encountered 
near  curbs. 

The  State  of  California  is  giving  intensive  study  to 
proper  laning  of  highways,  particularly  in  the  design 
of  divided  highways. 

In  some  designs  lanes  12  feet  wide  are  used  adjacent 
to  the  dividing  strip,  and  lanes  11  feet  wide  are  used 
adjacent  to  the  roadway  shoulder.  The  12-foot  width 
for  the  inside  lane  provides  a  greater  operating  space 
for  vehicles  overtaking  and  passing  and  thus  reduces 
the  possibility  of  sideswipes  or  other  accidents.  The 
outer  11-foot  lane  because  of  its  proximity  to  the 
shoulder  is  entirely  adequate  for  traffic  in  motion  and 
the  adjacent  shoulders  may  be  used  for  parking  or 
emergency  purposes. 

In  urban  areas  traffic  tends  to  travel  at  appreciable 
distances  from  the  edge  of  pavement  particularly  where 
curbs  are  used.  Outside  lanes,  therefore,  equal  in 
width  or  wider  than  the  inside  lanes  often  are  used  to 
prevent  encroachment  on  the  inside  lanes  and  to  permit 
busses  and  other  vehicles  to  approach  and  leave  curbs 
without  seriously  interrupting  the  higher  speed  traffic. 

Where  extra  width  of  outer  lane  or  continuously 
wide  shoulders  cannot  be  had,  provision  should  be 
made  at  predetermined  intervals  for  widened  areas  in 
which  busses  may  receive  and  discharge  passengers  or 
service  trucks  may  load  and  unload  merchandise  with- 
out interrupting  through  traffic.  To  assist  in  segregat- 
ing traffic  and  keeping  vehicles  in  their  proper  lane, 
broad  black,  white,  or  bright  yellow  lines  are  painted 
along  edges  of  lanes.  The  results  are  fairly  good  but 
the  method  is  not  effective  against  the  irresponsible 
driver  who  uses  the  middle  of  the  road  or  straddles  the 
lane  markers. 

The  State  of  New  Jersey  has  undertaken  many  major 
improvements  to  reduce  traffic  accidents  on  its  State 
highway  system.  Studies  of  accident  records  before 
and  after  the  improvements  were  made  are  enlightening 
and  in  some  cases  contrary  to  common  belief.  An 
analysis  of  accidents  occurring  on  roadways  having 
hard  surfaces  of  two-lane,  of  three-lane,  and  of  four- 
lane  widths  showed  as  an  average  for  all  sections  an 
accident  rate  of  3.10  accidents  per  million  vehicle-miles 
traveled;  on  two-lane  roadways  2.75;  on  three-lane 
roadways  3.53;  and  on  roadways  having  four  contig- 
uous lanes  the  number  of  accidents  was  3.G1  per  million 
vehicle-miles.  In  other  words,  an  increased  accident 
rate  ocurred  with  increased  width  on  roadways  on  which 
traffic  lanes  are  contiguous.  It  is  interesting  to  note  that 
contrary  to  general  belief  the  study  showed  that  four- 
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lane  highways  of  the  undivided  type  are  more  hazardous 
than  three-lane  highways.  The  apparent  reason  is  that 
the  wider  road  makes  possible  excessive  weaving,  that  is, 
the  uncontrolled  movement  of  traffic  from  one  lane  to 
another. 

Officials  of  the  State  of  New  Jersey  obtained  interest- 
ing data  relating  to  accidents  for  sections  of  highways 
that  had  been  converted  from  an  undivided  highway 
to  a  divided  type.  The  following  examples  are  cited: 
A  study  was  made  on  a  2. 1-mile  section  of  State  Highway 
Route  No.  26  (US  1)  in  the  township  of  New  Brunswick 
where  the  change  from  a  four-lane  undivided  highway 
to  a  four-lane  divided  highway  was  accomplished  by 
the  extremely  novel  method  of  using  compressed  air  in 
fire  hose  to  force  apart  and  slide  over  one  outer  lane 
of  the  existing  concrete  pavement,  thus  providing  space 
for  a  12  foot  center  island.     The  addition  of  another 


Moving   an  Existing  Concrete  Slab  to  Provide   a  Four- 
Lane    Divided    Highway    on    U  S    1,    16   Miles    North    of 
Trenton,  N.  .1. 

lane  outside  the  moved  section  made  available  a  two- 
lane  roadway  on  both  sides  of  the  island.  After  the 
widening,  observations  indicated  a  reduction  of  3G 
percent  in  accidents  of  all  types.  With  the  exception 
of  the  construction  of  the  dividing  strip  and  wider  road- 
way the  characteristics  of  the  converted  highway 
remained  the  same  as  before. 

Another  example  is  a  7-mile  section  of  State  Highway 
Route  No.  25  in  Cinnaminson  and  Delran  Townships 
where  a  two-lane  road  was  converted  into  a  four-lane 
divided  road.  On  this  section  there  was  found  a  total 
reduction  of  more  than  46  percent  in  all  types  of  acci- 
dents. This  case,  however,  is  somewhat  different  from 
that  of  Route  No.  26  for  the  reason  that  in  addition  to 
the  construction  of  the  10-  to  12-foot  center  island 
separating  the  original  traffic  lanes  from  the  two  new 
traffic  lanes,  alinement  also  was  improved.  It  may 
be  concluded  from  these  and  other  reports  that  on 
multiple-lane  highways  segregating  vehicular  traffic  in 
each  direction  is  conducive  to  increased  safety,  conven- 
ience, and  utility. 

Bypass  roads. — Where  main  highways  pass  through 
urban  areas  it  is  inevitable  that  they  are  crossed  by 
numerous  streets.  Each  crossing,  with  its  conflicts 
between  through,  cross,  and  turning  traffic,  constitutes 
a  hindrance  to  smooth  operation  and  a  hazard  to  life 
and  property.     The  accessibility  of  a  main  highway 
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encourages  the  commercial  development  of  the  road- 
side, the  servicing  of  which  adds  to  the  congestion  and 
hazard.  It  also  is  inevitable  that  the  hazard  to  life 
and  property,  loss  of  time,  inconvenience,  and  general 
confusion  increase  with  the  size  of  the  city  and  the 
density  of  through  and  cross  traffic. 

A  study  of  the  problem  shows  that  the  original 
routings  through  many  cities  or  towns  were  not  objec- 
tionable when  traffic  was  light  and  congestion  unknown. 
In  those  early  days  when  traffic  was  largely  local  in 
character,  there  were  few  improved  roads  and  nearly 
all  roads  of  importance  passed  directly  through  business 
centers  of  communities.  When  engineers  first  proposed 
traffic  relief  through  bypass  roads  around  towns  and 
cities,  merchants  along  the  main  streets  strongly 
opposed  such  proposals  claiming  that  valuable  tran- 
sient business  wrould  be  lost  thereby.  To  meet  the 
needs  of  through  traffic  which  neither  belonged  on  the 
local  streets  nor  desired  to  use  them,  and  at  the  same 
time  meet  the  needs  of  local  traffic  and  satisfy  the  local 
businessmen,  roads  have  been  improved  through  the 
communities  and  bypass  roads  later  constructed  skirt- 
ing the  built-up  sections  so  that  the  traveler  may  select 
the  route  to  follow. 

The  belt-line  or  bypass  road  has  proved  an  effective 
means  of  segregating  through  traffic  from  local  traffic, 
expediting  traffic,  and  reducing  accidents.  However, 
unless  access  from  abutting  properties  on  bypass  roads 
is  controlled  by  the  State,  the  continued  development 
of  such  frontage  for  business  and  residential  purposes 
gradually  tends  to  reproduce  the  very  traffic  conditions 
that  the  bypass  road  was  designed  to  alleviate. 

Widening  of  a  highway  instead  of  constructing  a 
bypass   road    will    not   always   satisfy    the   demands   of 


traffic  of  mixed  character.  Moreover,  widening  and 
straightening  local  streets  to  accommodate  through 
traffic  is  costly,  although  relatively  minor  improve- 
ments in  many  cases  wall  make  them  entirely  adequate 
to  handle  local  and  short-distance  traffic.  Safe,  high- 
speed operation  cannot  be  obtained  where  vehicles  are 
parked  along  curbs  or  in  operating  lanes,  nor  can  it  be 
expected  in  built-up  communities  where  adjacent 
property  owmers  have  unrestricted  right  of  access. 

In  St.  Louis,  Mo.,  the  major  thoroughfare  system 
was  developed  by  widening  existing  streets  to  as  much 
as  76  feet,  thus  providing  six  traffic  lanes.  It  was 
found  that  traffic  did  not  uniformly  distribute  itself 
over  the  six-lane  main  highway.  The  largest  volume 
traveled  near  the  center  of  the  roadway,  a.  smaller 
volume  traveled  in  the  second  lanes  adjacent  to  parked 
cars.  The  principal  improvement  apparent  from  the 
widening  was  less  congestion  at  intersections  where 
the  extra  space  was  occupied  by  cars  awaiting  the 
go  signal. 

Bypassing  centers  of  population  is  an  established 
policy  of  the  highway  department  of  the  State  of  New 
Jersey  and  is  generally  satisfactory  to  through  and 
local  traffic.  It  has  been  found  that  bypass  routes 
around  New  Jersey  cities  shorten  distances  for  traffic 
destined  beyond  the  municipality  bypassed,  improve 
the  alinement  of  the  main  route,  separate  through  and 
local  traffic,  eliminate  the  costly  operation  of  widening 
existing  streets,  provide  double  traffic  routes  wdiere 
needed,  and  reduce  danger  to  local  traffic  and  pedes- 
trians. Although  numerous  examples  of  bypassing 
cities  in  that  State  can  be  cited,  only  the  Keyport  by- 
pass is  mentioned  here.  One  of  the  most  annoying 
and  dangerous  obstacles  to  travel  by  way  of  the  sea- 
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shore  route  from  the  New  York  City,  Jersey  City,  and 
Newark  area  to  the  coastal  resorts  to  the  south,  was 
removed  by  the  Keyport  bypass.  The  old  route 
through  the  borough  passed  over  narrow  streets  and 
included  a  railroad  grade  crossing  carrying  many 
trains.  Before  construction  of  the  bypass  road  traffic 
up  to  47,529  vehicles  daily  wormed  its  way  through 
the  city  and  en  busy  days  a  delay  of  2  hours  was  not 
unusual.  The  bypass  eliminated  all  traffic  hazards 
and  delays  and  justified  the  cost  of  81,000,000  for  the 
2.6  mile  improvement. 

Where  bypasses  of  the  limited  or  freeway  type  are  in 
use  they  have  demonstrated  an  ability  to  carry  large 
volumes  of  traffic  around  highly  congested  areas  with- 
out appreciable  reduction  in  speed  and  under  conditions 
approximating  complete  safety. 

Traffic  on  any  heavily  traveled  highway  in  which 
there  is  no  segregation  with  respect  to  vehicle  types 
frequently  comprises  heavy  freight  trucks,  light  freight 
trucks,  light  service  trucks,  passenger  automobiles,  and 
pedestrians.  Each  class  of  traffic  should  be  able  to 
function  efficiently,  conveniently,  and  safely.  If  the 
volume  of  traffic  on  a  highway  is  great  enough,  slow- 
moving  traffic  may  be  segregated  from  fast-moving 
traffic  by  the  construction  of  separate  roads.  The  most 
practical  means  of  segregating  slow-moving  and  fast- 
moving  traffic  is  by  restricting  roads  for  fast-moving 
traffic  to  passenger  vehicles,  though  there  appears  to 
be  an  increasing  tendency  to  construct  and  maintain 
high-speed  trucks  particularly  of  the  lighter  weights. 

Frequently  bypass  roads  are  restricted  to  passenger 
vehicles,  thus  segregating  high-speed  from  slow-speed 
traffic  and  segregating  passenger-vehicle  through  traffic 
from  passenger-vehicle  local  traffic,  but  complete 
vehicular  segregation  is  not  accomplished  because  all 
truck  traffic  is  required  to  use  the  road  nominally 
devoted  to  local  traffic.  The  Pulaski  Skyway,  an 
elevated  bypass  route  in  the  State  of  New  Jersey 
approaching  New  York  City,  was  first  opened  to  mixed 
traffic.  In  spite  of  no  grade  crossings,  side  entrances, 
or  other  hindrances,  smooth  operation  did  not  result. 
Trucks  now  are  prohibited  and  daily  traffic  densities  of 
more  than  50,000  vehicles  on  this  four-lane  highway 
frequently  are  recorded. 

Freeways  and  parkways. — A  freeway  is  a  roadway  in 
which  the  traveled  surface  is  devoted  to  the  exclusive 
use  of  motor  vehicles;  direct  access  to  and  from  abutting 
properties  is  eliminated;  access  is  restricted  to  properly 
located  and  designed  entrances  and  exits  at  infrequent 
intervals;  all  intersections  are  separated  or  eliminated 
so  that  no  traffic  crosses  at  grade;  and  opposing  streams 
of  traffic  are  separated  physically. 

A  parkway  is  a  freeway  with  recreational  facilities, 
parks,  and  scenic  areas  provided  by  the  acquisition  and 
development  of  an  appreciable  though  variable  width  of 
right-of-way. 

In  this  country  an  insignificant  portion  only  of  the 
improved  highway  mileage  has  been  developed  to  the 
point  of  separating  all  traffic  at  intersections  by  means 
of  overpasses  or  underpasses  and  only  a  relatively  sum  11 
mileage  will  need  such  improvement.  To  improve  5 
percent  of  the  State  highway  systems,  comprising 
340,000  miles,  with  four  or  more  traffic  lanes,  with 
opposing  traffic  separated,  grades  at  intersecting  high- 
ways separated,  border  roads  provided  for  unrestricted 
access  from  abutting  property  and  sidewalks  con- 
structed where  needed,  would  involve  an  expenditure  of 
approximately    $4, 000, 000, 000.     Except   for   relatively 


short  sections,  principally  in  the  vicinity  of  New  York 
City,  and  the  Merritt  Parkway  in  the  nearby  State  of 
Connecticut,  no  freeways  of  appreciable  length  have 
been  constructed  in  this  country.  However,  the  needs 
of  traffic  are  forcing  attention  to  this  type,  of  develop- 
ment as  is  evidenced  by  efforts  on  the  part  of  some  of 
the  States  to  seek  legislation  to  make  possible  this  type 
of  highway  facility. 

Cycle  tracks,  bridle  paths,  and  provisions  for  horse- 
drawn  traffic. — After  some  30  years  of  relatively  little 
use,  the  bicycle  is  coining  back  into  favor  in  the  United 
States.  Its  use  is  growing  to  such  an  extent  that  com- 
munities may  well  consider  provision  for  this  convenient 
and  inexpensive  vehicle.  The  estimated  total  number 
of  bicycles  in  use  in  1930  was  10,000,000.  In  that  year 
the  number  of  bicycles  manufactured  was  600,000  more 
than  in  1933.  At  present,  however,  bicycles  are  used 
almost  exclusively  for  recreational  purposes  and  rarely 
as  means  of  transportation  except  for  very  short  dis- 
tances such  as  to  and  from  school. 

With  the  increase  in  bicycle  use  has  come  a  toll  of 
accidents.  In  1935  there  were  13,000  accidents  involv- 
ing motor  vehicles  and  bicycles  resulting  in  350  fatali- 
ties. From  85  to  95  percent  of  all  the  fatal  accidents  of 
this  character  occurs  in  urban  areas.  The  most  com- 
mon types  of  collisions  are  those  in  which  motorists  run 
down  insufficiently  lighted  bicycles  at  night,  and  those 
caused  by  cyclists  suddenly  entering  the  roadway  from 
a  sidewalk  or  driveway. 

There  have  been  few,  if  any,  tracks  constructed  in 
the  United  States  intended  for  the  exclusive  use  of 
bicycles.  As  with  footways,  bicycle  tracks  should  be 
entirely  separated  from  the  roadway.  If  there  are  few 
bicycles  and  few  pedestrians,  both  may  use  the  same 
pathway.  In  general,  however,  each  should  have  its 
own  track.  The  bicycle  would  probably  be  more  exten- 
sively used  in  this  country  were  it  not  for  the  extreme 
danger  of  cycling  on  streets  and  highways  and  because 
of  legislation  prohibiting  its  use  on  sidewalks. 

The  construction  of  bridle  paths  in  this  country  has 
been  confined  almost  exclusively  to  park  areas  in  or  ad- 
jacent to  the  larger  centers  of  population.  They  should 
be  kept  a  considerable  distance  from  main  traveled  high- 
ways. There  is  no  good  reason  why  they  should  parallel 
highways  except  for  the  purpose  of  using  the  same  right- 
of-way,  as  they  do  not  have  any  close  connection  with 
an  automobile  highway.  Where  bridle  paths  cross  main 
highways  in  park  areas  it  frequently  is  common  practice 
to  protect  such  crossings  by  traffic  signals  that  can  be 
operated  by  equestrians  approaching  the  crossing. 

Horse-drawn  traffic  has  practically  disappeared  from 
the  main,  trunk-line  highways  in  the  United  States  in 
spite  of  the  fact  that  the  horse  is  still  an  important  factor 
in  agricultural  production.  Modern  highway  structures 
are  designed  almost  solely  for  motor  traffic  ami  are  not 
well  adapted  to  horses,  tn  a  relatively  few  States  earth 
shoulders  of  extra  width  have  been  constructed  to 
accommodate  horse-drawn  vehicles  but  these  cases  are 
rare  and  confined  largely  to  relatively  Hat  country  where 
cost  of  grading  is  low. 

Horse-drawn  vehicles,  Hocks  of  sheep,  and  herds  of 
cattle  still  may  legally  use  the  highways  and  sometimes 
do,  but  this  type  of  traffic  is  confined  almost  exclusively 
to  the  farm  and  its  adjacent  earth  roads. 

Footways  and  sid(  walks. — Sidewalks  are  common  to 
city  streets  but  walkways  in  rural  areas  have  been  con- 
structed only  to  a  limited  extent,  requiring  pedestrians 
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to  use  the  vehicular  roadway.  With  the  increase  in 
the  speed  of  travel  and  the  density  of  vehicular  traffic 
the  vehicle-pedestrian  hazard  has  increased  and  there  is 
a  growing  movement  for  segregating  pedestrian  from 
vehicular  traffic  in  rural  areas  by  the  construction  of 
walkways. 

The  "right-of-way"  or  strip  of  land  dedicated  to  the 
use  of  the  public  for  travel,  is  generally  wide  enough  to 
allow  for  building  sidewalks  well  outside  the  paved 
strip  which  is  built  for  vehicles.  On  every  important 
highway  there  should  be  such  a  pathway  and  if  the 
needs  of  the  walking  public  in  the  community  demand 
it,  sidewalks  should  be  built  on  both  sides  of  the  street. 
They  should,  if  possible,  be  several  feet  away  from  the 
vehicle  pavement  and  the  separation  emphasized  by  a 
line  of  intervening  shrubbery  or  trees.  This  serves  the 
purpose  of  making  it  practically  impossible,  for  the 
vehicle  driver  to  encroach  on  the  space  reserved  for 
pedestrians  and  at  the  same  time  discourages  pedestrians 
from  wandering  on  or  too  near  to  the  motorway. 

Sidewalks  should  be  so  located,  designed,  and  con- 
structed that  pedestrians  will  use  them.  They  should 
attract  pedestrian  traffic  from  the  highway  to  them- 
selves. Unless  the  sidewalk  is  attractive  and  con- 
venient the  pedestrian  will  not  use  it.  The  use  of  two 
relatively  narrow  sidewalks  on  rural  highways  where 
pedestrians  are  encouraged  to  walk  facing  the  traffic, 
may,  in  some  cases,  be  more  desirable  than  one  side- 
walk which  compels  pedestrians,  frequently  children, 
to  cross  a.  busy  highway.  Pedestrians  should  be  able 
safely  and  conveniently  to  walk  along  the  highway  in 


either  direction  and  to  cross  the  highway  at  reasonably 
frequent  intervals. 

Sidewalks  must  be  easily  accessible  to  the  roadwray 
pavement  without  the  necessity  of  wading  through 
snow,  slush,  mud,  or  water.  The  question  of  snow 
removal  from  sidewalks  as  well  as  pavement,  therefore, 
should  be  considered  in  snow  States.  In  flat  and  roll- 
ing country  where  grading  is  relatively  light,  sidewalks 
may  be  located  farther  from  the  pavement  than  where 
grading  is  heavy  and  more  costly,  such  as  on  relatively 
narrow  fills  with  guardrails,  through  swamp  or  marsh 
land  or  in  cuts  and  fills  in  mountainous  areas  and  on 
bridges. 

Vehicle-pedestrian  accidents  in  urban  areas  generally 
occur  while  pedestrians  cross  the  street.  There  is  an 
increasing  tendency  to  prohibit  crossing  of  streets 
except  at  intersections  where  the  crossings  for  pedes- 
trians are  marked  clearly.  Where  pedestrian  traffic 
density  warrants  it,  traffic  lights  are  adjusted  to  parti- 
ally subordinate  vehicular  traffic  to  pedestrian  traffic 
by  inserting  a  time  interval  for  pedestrians  or  restrict- 
ing vehicular  turning  movements  at  a  limited  number 
of  crossings. 

Sometimes  islands  to  separate  opposing  traffic  at 
crossings  are  constructed  at  intersections  of  wide  city 
streets  so  that  pedestrians  crossing  the  street  may  use 
them  for  refuge  and  need  watch  traffic  in  only  one 
direction  at  a  time.  They  also  confine  left- tinning 
vehicular  traffic  to  a  limited  width  of  street.  Islands 
generally  are  unsatisfactory  at  intersections  on  rural 
highways  because  of   (1)  insufficient  roadway  width, 
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Cross  Sections  of  Typical  Sidewalk  Designs  in  Cut  and  in  Fill  Used  in  Massachusetts. 


unless  adequate  provision  is  made  for  gradual  widening 
approaching  the  intersection,  and  (2)  the  additional 
hazard  to  high-speed  vehicular  traffic. 

Places  where  the  highway  may  be  crossed  by  pedes- 
trians should  be  clearly  marked.  These  guiding  marks 
should  be  made  as  clear  and  definite  for  the  motorist 
who  is  approaching  the  crossing  as  for  the  pedestrian. 
Traffic  signs  for  this  purpose  may  be  set  on  posts  at 
the  side  of  the  pavement  or  painted  on  the  pavement 
itself.  They  should  be  unmistakably  clear — a  single 
short  word  or  phrase  or,  better  still,  a  symbol  whose 
meaning  can  be  grasped  at  first  glance. 

Sidewalks  or  footways  should  be  planned  as  an  inte- 
gral part  of  the  roadway  wherever  their  need  is  indi- 
cated. There  are  no  available  statistics  indicating 
what  traffic  and  what  speeds  justify  the  construction 
of  one  sidewalk  or  two  sidewalks  or  of  any  sidewalk  at 
all.  In  general,  however,  sidewalks  are  needed  within 
and  adjacent  to  industrial  areas,  along  roads  connect- 
ing villages  situated  relatively  close  to  each  other,  in 
the  vicinity  of  large  schools,  summer  resort  areas,  unin- 
corporated suburban  areas,  and  elsewhere  where  con- 
siderable pedestrian  traffic  exists  or  may  be  expected. 

The  cost  of  grade  separations  for  pedestrians  usually 
•  annot  be  justified,  and  experience  has  shown  an  unwill- 
ingness on  their  part  to  use  either  overhead  bridges  or 


underpasses.  For  this  reason,  safety  islands  or  refuges 
for  pedestrians  crossing  wide  highways  or  wide  streets 
in  urban  areas  are  likely  to  serve  the  greatest  number. 

Statistics  available  for  the  State  of  Pennsylvania 
show  that  44  percent  of  the  people  killed  by  motor 
vehicles  in  that  State  in  193G  were  pedestrians.  A 
large  percentage  of  the  pedestrian  fatalities  were  in 
built-up  sections  where  sidewalks  existed,  indicating  a 
need  for  a  careful  study  of  possible  traffic  control  for 
pedestrian  crossings. 

The  Department  of  Public  Works  of  the  State  of 
Massachusetts  has  completed  a  State-wide  program  of 
construction  calling  for  500  miles  of  sidewalks  along 
the  State  highway  system  of  f  ,890  miles  for  which  the 
State  appropriated  $4,000,000.  The  purposes  of  this 
undertaking  were  to  reduce  accidents  to  pedestrians, 
provide  employment,  and  indirectly  to  increase  the 
value  of  abutting  property.  After  the  program  was 
under  way  property  owners  offered  easements  for  side- 
walks without  compensation. 

The  locations  for  sidewalk  construction  were  based  on 
a  6-year  study  of  collisions  between  pedestrians  and 
motor  vehicles  in  the  State  from  1930  through  1935. 
For  that  period  the  study  showed  a  total  of  4,427 
accidents  of  the  above  class  in  which  3,841  persons 
were  injured  and  586  killed.     Before  the  program  of 
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construction  began  in  1935  there  was  a  progressive 
increase  in  the  accident  rate  as  well  as  a  general  increase 
in  pedestrian  accidents  in  rural  counties  as  against  a 
decrease  in  the  larger  cities. 

A  table  of  pedestrian  accidents  on  routes  where  side- 
walks were  constructed  gives  a  comparison  of  pedestrian 
injuries  and  deaths  for  the  first  6  months  of  each  year 
since  1933  (table  1). 


Table  L- 


-Pedestrian  injuries  and  deaths  on  routes  where  sidewalks 
were  constructed 


First  G  months  of— 

Injuries 

Deaths 

1934        -   .--       

240 
243 
212 
154 

21 

1935 

26 

L936                                                                   

24 

1937                   ..-   

18 

Records  for  the  first  6  months  of  1935,  which  was  the 
period  before  the  sidewalk  program  started,  and  the 
first  G  months  of  1937,  when  the  major  part  of  the  work 
had  boon  completed,  clearly  indicate  a  decrease  in 
pedestrian  casualties. 

Despite  an  increase  during  this  period  of  12  percent 
in  registrations  and  15  percent  in  gasoline  consumption, 
the  number  of  pedestrians  injured  on  these  State  high- 
way routes  decreased  over  36  percent,  whereas  total 
pedestrian  accidents  on  all  Massachusetts  roads  for  the 
same  period  decreased  only  11  percent. 

Reductions  in  pedestrian  fatalities  on  State  highways 
are  consistent  with  those  in  injury  cases.  On  State 
highway  routes  where  sidewalks  were  constructed,  the 
pedestrian  fatalities  in  the  same  6-month  periods  showed 
a  reduction  from  26  to  18,  or  about  31  percent.  This 
decrease  is  most  significant  when  one  considers  that  in 
the  same  period  pedestrian  fatalities  in  the  State  as  a 
whole  increased  from  188  to  201,  or  about  6.9  percent. 

The  above  figures  are  for  all  types  of  pedestrian  acci- 
dents. Studies  of  accidents  involving  pedestrians 
walking  along  the  highway  show  a  general  reduction  of 
over  50  percent,  and  on  many  routes  where  sidewalks 
have  been  built,  no  accidents  of  this  type  have  been 
recorded  during  the  first  6  months  of  1937,  where  for- 
merly there  were  many  serious  casualties  annually. 

All  new  projects  for  the  construction  or  reconstruc- 
tion of  State  highways  in  Massachusetts  now  include 
the  construction  of  sidewalks  as  an  integral  part  of  the 
design,  except-  in  unsettled  areas  where  pedestrian 
movements  are  negligible.  Even  in  these  cases,  pro- 
vision is  made  in  the  design  for  future  construction  of 
sidewalks  to  allow  for  possible  future  development  of 
a  hutting  property.  The  present  plan  is  to  construct 
at  least  one  continuous  sidewalk  for  the  entire  length 
of  each  highway,  except  in  undeveloped  country. 
whereas  the  former  plan  was  to  construct  no  sidewalks 
at  all  except  in  highly  developed  country.  The  Stale 
authorities  feel  that  the  saving  in  life  as  shown  by  the 
above  studies  justifies  a  considerable  expenditure  of 
State  funds  for  walkways. 

Service  roads  and  parking  place*. — In  metropolitan 
areas  additional  facility  and  protection  must  be  pro- 
vided on  main  routes  to  reduce  hazards,  prevent  con- 
gestion, and  insure  a  free  and  easy  flow  of  traffic.  This 
need  has  come  about  largely  because  of  the  dispersion 
of  city  population  in  suburban  areas. 

Experience  has  shown  that  widening  a  roadway  by 
adding  more  traffic  lanes  adjacent  to  those  already  in 
place  docs  not  increase  roadway  capacity  in  proportion 


to  the  traffic  lanes  added  and  does  not  reduce  accidents 
to  the  extent  desired.  The  capacity  per  lane  decreases 
with  an  increase  in  the  number  of  contiguous  lanes 
beyond  four,  dropping  sharply  beyond  six.  In  urban 
areas  vehicles  parking  at  and  leaving  curbs  as  well  as 
those  occasionally  double-parked  or  cruising  in  front  of 
business  establishments  slow  down  both  through  and 
local  traffic  and  constitute  serious  hazards. 

The  bypass  road  often  may  not  fully  accomplish  the 
object  of  diverting  a  considerable  percentage  of  traffic 
from  an  existing  through  route.  The  destination  of 
much  of  the  traffic  may  be  within  the  city  and  local  con- 
ditions, such  as  extended  areas  of  urban  development, 
may  make  it  difficult  to  construct  a  bypass  road  attrac- 
tive to  through  traffic  destined  beyond  the  city.  Under 
such  conditions  the  existing  routes  through  cities  must 
be  improved. 

Through  routes  have  been  successfully  improved  and 
local  traffic  segregated  from  through  traffic  by  providing 
roadway  surfaces  adjacent  to  abutting  properties  and 
separated  from  through  traffic  lanes  in  the  central  por- 
tion of  the  street  by  appropriate  dividing  strips.  The 
roadways  adjacent  to  abutting  property  may  be  termed 
service  roads  and  in  combination  with  the  central, 
through-traffic  lanes  form  the  typical  boulevard  sec- 
tions of  many  large  cities. 

In  most  urban  areas  existing  streets  generally  are  in- 
adequate for  the  parking  of  vehicles.  This  is  particu- 
larly true  in  commercial  sections  where  parking  facilities 
often  are  necessary  for  the  success  of  the  business  estab- 
lishments. Limiting  parking  on  streets,  parking  meters, 
and  other  forms  of  enforcement  relieve  this  situation  to 
a  limited  extent.  Garages  expressly  for  parking  have 
been  constructed  and  much  valuable  land  in  the  centers 
of  many  cities  has  been  converted  into  pay  parking  lots. 
Many  large  business  establishments  have  recognized 
the  need  for  parking  areas  and  have  found  it  profitable 
to  construct  such  areas  on  adjacent  private  property. 
Many  others  have  found  it  necessary  to  move  their 
establishments  or  establish  branch  offices  in  suburban 
areas  where  parking  is  provided  readily.  Small  retail 
establishments  have  found  it  profitable  to  pool  their 
resources  to  provide  parking  areas  known  as  "park  and 
shop"  areas  which  serve  a  number  of  establishments  at 
one  time.  On  high-speed  through  routes  in  rural  areas 
establishments  such  as  eating  places  have  found  it  in- 
expensive and  desirable  to  provide  parking  areas  for 
their  patrons  off  the  highway. 

The  need  for  providing  parking  areas  off  the  public 
highways  is  being  recognized  to  the  extent  that  some 
municipalities  have  adopted  zoning  ordinances  which 
require  certain  types  of  structures,  such  as  theaters  and 
apartment  houses,  to  provide  garages  or  parking  areas 
in  proportion  to  the  number  of  persons  for  which  the 
structures  are  designed. 

Road  junctions  and  crossings. — "When  two  or  more 
roads  cross  each  other  traffic  hazards  and  impediments 
to  smooth  operation  are  created  by  the  conflict  between 
through  and  turning  traffic  on  both  roads.  The  ideal 
treatment  of  an  intersection  is  one  which  results  in  the 
segregation  of  different  types  of  traffic  and  the  segre- 
gation of  traffic  in  each  and  every  direction.  This  is 
not  always  practical  nor  is  it  often  economically  ad- 
visable. The  treatment  of  each  intersection  depends 
principally  upon  the  density  of  traffic  on  each  road  and 
the  density  of  traffic  making  each  possible  turn,  but 
considerable  leeway  must  be  permitted  the  designer 
because  of  the  effects  of  topography,  cost,  and  diffi- 
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culty  of  procuring  adequate  right-of-way,  probable  speed 
of  traffic,  and  other  factors.  Individual  judgment  is 
necessary  also  because  thought  is  not  as  yet  crystal- 
lized on  the  traffic  densities  for  through  and  the  various 
turning  movements  which  justify  the  construction  of 
the  various  types  of  intersections.  A  few  fundamental 
principles,  however,  have  been  fairly  well  established. 

When  two  highways  intersect  at  grade,  consideration 
of  the  traffic  volume  on  each  highway  is  the  most 
important  factor  governing  the  design  of  the  intersec- 
tion. There  are  two  general  conditions,  one  in  which 
the  traffic  volume  is  approximately  equal  on  both  roads 
and  the  other  in  which  the  traffic  volume  is  greater  on 
one  highway  than  on  the  other.  In  the  first  case,  unless 
stop  signs  are  used,  a  driver  on  either  highway  should 
be  able  to  see  conditions  at  the  intersection  in  sufficient 
time  to  allow  the  vehicle,  if  necessary,  to  be  brought  to 
a  stop  before  reaching  the  intersection.  Where  visi- 
bility and  sight  distance  are  inadequate  to  accomplish 
this,  one  road  should  be  subordinated  to  the  other  road 
by  stop  signs  or  slow  signs,  or  stop  signs  used  on  both 
highways.  In  the  second  case  movement  on  the  road 
carrying  the  greater  traffic  volume  should  be  given 
preference  over  the  road  carrying  the  lesser  volume 
by  the  use  of  stop  signs  on  the  less  important  road. 

The  proper  use  of  signs  at  intersections  is  most  impor- 
tant and  their  selection  should  be  based  on  sound  engi- 
neering principles  established  by  actual  studies  of 
accidents,  speeds,  delays,  sight  distance,  braking  dis- 
tance, and  physical  conditions.  Unfortunately  there  is 
a  wide  variation  in  official  responsibility  for  the  selec- 
tion, installation,  and  maintenance  of  traffic  control 
devices,  particularly  in  metropolitan  areas.  Slow  signs 
should  indicate  the  safe  approach  speed  and  be  placed 
far  enough  in  advance  of  an  intersection  to  enable  a 
vehicle  traveling  at  the  speed  for  which  the  highway  is 
designed  to  slow  down  to  the  speed  indicated  on  the  sign 
before  reaching  the  critical  point  of  the  intersection. 
In  no  case  should  sight  distance  be  less  than  the  dis- 
tance in  which  the  vehicle  can  be  stopped.  The  ability 
to  see  an  appreciable  length  of  the  intersecting  highway 
is  fully  as  important  as  the  ability  to  see  on  horizontal 
and  vertical  curves  along  a  highway  between  inter- 
sections. 

Experience  in  the  State  of  Massachusetts  indicates 
that  to  avoid  collisions  at  intersections  stop  signs  should 
be  used  where  sight  distance  is  so  short  as  to  require  a 
10-mile-per-hour  speed. 

Intersection  designs  preferably  should  enable  traffic 
to  enter  slowly  and  to  leave  quickly.  Approach  visi- 
bility to  an  intersection  having  a  high  percentage  of 
turning  movement  is  of  prime  importance.  The  ele- 
ments of  uncertainty  and  surprise  should  be  eliminated. 
An  intersection  should  be  so  marked  that  no  doubt  can 
exist  in  the  driver's  mind  as  to  what  is  the  right  thing  to 
do.  Intersections  which  readily  can  be  recognized  by  a 
motorist  as  requiring  caution  have  a  more  favorable 
accident  record  than  those  in  which  conditions  are  not 
clear.  The  lay-out  of  an  intersection  sbould  favor  the 
larger  volumes  of  traffic  movement.  The  roads  ap- 
proaching intersections  at  grade  should  be  flared  or 
widened  but  not  to  the  extent  of  causing  traffic  to 
wander  from  its  proper  channel  and  cause  congestion. 

Heavy  volumes  of  traffic  may  require  installation  of 
traffic  lights  and  a  greater  widening  of  intersection  than 
is  needed  for  lesser  traffic  volumes.  There  should  in 
any  case  be  sufficient  space  in  which  to  accomplisb 
traffic  movements  without  the  necessity  of  encroaching 


on  adjacent  traffic  lanes.  Traffic  lanes  at  intersections 
should  be  so  located  that  it  will  be  easy  for  traffic  In 
make  natural  and  smooth  progress  free  from  any  abrupt 
changes  in  direction  that  are  likely  to  cause  collisions  or 
sideswiping.  Automatic  control  devices  of  a  number 
of  types  have  been  used  with  excellent  results,  and  the 
lighting  at  night  of  busy  intersections  lias  evident  ad- 
vantages. The  character  of  control  devices  in  use 
includes  warning  flashers  of  several  types  including  the 
pretimed,  the  vehicle-pedestrian  actuated,  synchronous- 
progressive,  and  others.  The  selection  of  type  of 
control  device  is  dependent  on  local  conditions,  and  the 
locations  where  signals  are  contemplated  should  be 
given  careful  field  study  before  the  adoption  of  one 
type  or  another.  The  vehicle  actuated  type  of  control 
is  particularly  effective  in  facilitating  infrequent  cross 
movements  at  intersections  where  the  predominant 
traffic  flow  is  on  one  route. 

Rotary  traffic  may  be  defined  as  the  movement  of 
vehicles  in  one  direction  around  a  central  area.  The 
central  area  together  with  the  one-way  road  around  it 
and  with  the  entrances  and  exits  generally  is  called  a 
"traffic  circle"  though  it  may  more  accurately  be 
termed  a  traffic  loop  or  circuit.  It  is  usually  used  at 
the  convergence  of  several  streets  or  highways. 

The  circle  is  in  effect  a  continuous  series  of  one-way 
roads  connecting  the  entrances  and  exits  of  the  various 
intersecting  roads.  The  length  between  roads  on  the 
one-way  road  or  traffic  circle  should  be  about  2,50  feet 
and  should  be  not  less  than  150  feet  in  order  that  traffic 
may  weave  from  the  entrance  to  the  inside  lane  and 
back  again  as  required  at  the  moderate  speeds  prevailing 
on  traffic  circles.  They  may  be  longer  but  preferably 
not  more  than  700  or  8*00  feet. 

The  variation  in  the  angles  and  locations  of  the 
several  converging  roads  and  the  necessity  for  distorting 
the  traffic  circle  to  provide  the  minimum  distances  be- 
tween roads,  to  avoid  expensive  parcels  of  land,  and  to 
avoid  expensive  construction  results  in  so-called  "traffic 
circles"  of  various  shapes  such  as  true  circles,  rounded 
squares,  rectangles,  triangles,  or  other  polygons, 
ellipses,  and  many  other  unsymmetrical  shapes.  Parts 
of  existing  streets  or  roads  may  be  included.  Each 
road  entering  a  "traffic  circle"  in  rural  areas  should  be 
divided  into  an  odd-shaped  Y  by  a  conspicuous,  dis- 
torted triangular  island  which  performs  the  important 
function  of  guiding  traffic  to  the  right  and  making  all 
one-way  roads  funnel-shaped,  that  is,  wide  at  the  en- 
trance and  narrow  at  the  exit.  The  islands  also  may 
be  used  for  signs  and  as  stopping  places  for  pedestrian 
traffic.  The  curbs  generally  are  constructed  with 
slight  slopes  so  that  the  islands  may  be  mounted  in 
emergencies. 

The  four-lane  highway  with  traffic  in  opposing  direc- 
tions separated  by  a  parkway  may  be  designed  to 
decrease  hazards  at  intersections  at  grade.  On  heavily 
traveled  four-lane  roads  having  adjacent  lanes,  it  is 
difficult  to  obtain  a  sufficient  break  in  traffic  to  permit 
safe  crossing  unless  traffic  control  lights  are  used.  If  the 
roadways  are  separated  a  sufficient  width  to  provide  a 
safety  island  between  the  opposing  lanes  of  traffic,  cross 
movement  may  be  effected  in  two  operations.  A  break 
in  the  flow  of  traffic  in  one  direction  permits  a  vehicle  to 
reach  a  point  in  the  pavement  adjacent  to  the  safety 
island  where  a  stop  may  be  made  and  the  crossing  com- 
pleted when  there  is  a  break  in  traffic  in  the  opposite 
direction.  The  width  of  separation  between  opposing 
lanes  of  traffic  should  be  not  less  than  30  feet  for  this 
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A  Cloverleaf  Intersection  in  New  Jersey. 


purpose.  Such  construction  also  permits  the  openings 
between  islands  to  be  used  for  turn-around  purposes. 
Divided  highways  of  this  type  offer  a  much  safer 
crossing  than  an  undivided  highway  and  also  offer  a 
partial  solution  to  the  problem  of  handling  traffic 
making  left  turns  from  main  roads  into  secondary 
roads. 

Accident  statistics  for  the  State  of  New  Jersey  show 
that  rotary  circles  facilitate  traffic  flow  better  than  inter- 
sections controlled  by  traffic  lights  and  with  fewer  acci- 
dents. A  traffic  circle  can  be  designed  to  carry  any 
reasonable  volume  of  traffic,  whereas  a  traffic-light  con- 
trolled intersection  has  a  capacity  equal  only  to  about 
50  percent  of  the  combined  capacities  of  intersecting 
roads.  Illumination  of  circles  at  night  is  necessary. 
Warning  signs  should  be  placed  well  in  advance  of 
traffic  circles  and  large  lighted  signs  are  needed  at  circles 
to  direct  traffic.  As  a  further  aid  to  traffic  direction, 
reflectorized  units  set  into  the  curbs  have  been  used  to 
some  extent. 

The  extent  to  which  traffic  circles  are  justified  by 
traffic  volume  at  any  given  intersection  is  a  matter  of 
judgment.  There  are  no  conclusive  data  on  which 
there  is  general  agreement,  nor  is  information  available 
on  which  to  base  a  change  from  a.  traffic  circle  to  a 
grade  separation.  Much  depends  upon  the  traffic, 
topography,  cost  of  land,  and  construction.  If  suffi- 
cient right-of-way  has  been  purchased  for  the  ultimate 
construction  of  a  grade  separation  with  ramps,  there  is 
generally  sufficient  area  for  a  traffic  circle  and  the  initial 
improvement  may  begin  with  a  circle  and  later  as 
necessity  arises  be  developed  into  a  grade  separation 
with  connecting  ramps. 

The  separation  of  grades  is  a  most  effective  method  of 
increasing  the  traffic  capacity  of  intersections,  and  of 
eliminating  conflicting  traffic  movements  and  reducing 
accidents.  A  properly  designed  highway  grade  separa- 
tion has  approximately  the  same  capacity  as  that  of  the 


roadways  bringing  traffic  to  it.  Connecting  roadways 
or  ramps  complicate  the  construction  and  facility  of 
grade  separations  and  should  be  used  only  where  access 
and  egress  are  definitely  needed.  Rates  of  grade  and  of 
curvature  on  ramps  should  make  possible  an  easy  and 
continuous  flow  of  traffic  without  the  close  grouping  of 
vehicles  which  creates  hazards  at  points  of  entry  to  the 
main  highways. 

The  need  for  ramps  sometimes  has  been  overesti- 
mated. Four  ramps  are  not  always  needed  and  con- 
struction may  begin  with  two  ramps,  when  the  volume 
of  traffic  on  the  less  important  road  permits  left  turns 
without  any  particular  hazard.  In  case  future  traffic 
requires  four  ramps,  two  more  can  be  added  later. 
Designs  and  right-of-ways  purchased  for  original  con- 
struction should,  of  course,  make  proper  provision  for 
later  development.  Ramps  at  grade  separations  some- 
times are  confusing.  Signs  visible  day  and  night  must 
be  placed  well  in  advance  of  a  grade  separation.  They 
must  inform  drivers  desiring  to  turn  how  to  do  so.  The 
wording  or  diagram  must  be  as  simple  as  possible. 

The  highway  department  of  the  State  of  New  Jersey 
recently  made  before-and-after  records  to  determine  the 
efficiency  of  highway  intersections  constructed  in  that 
State.  In  a  comparison  between  a  grade  separation 
with  ramps  and  a  signalized  intersection  a  short  way 
distant  on  the  same  highway,  it  was  found  that  despite 
a  considerably  greater  volume  of  traffic  on  the  grade 
separation  there  were  fewer  accidents  there  than  at  the 
signalized  crossing.  A  similar  comparison  between  a 
traffic  circle  and  a  signalized  intersection  was  made 
which  indicated  that  despite  the  constant  operation  of 
traffic-control  signals  at  the  signalized  intersection  there 
were  13  times  as  many  accidents  as  in  the  same  period 
at  the  traffic  circle. 

Highway  grade  separations  in  urban  areas  have  been 
constructed  for  many  years,  two  notable  examples  being 
the  Grand  Concourse  in  New  York  City  on  which  the 
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grades  of  all  important  cross  streets  were  separated 
about  1916  and  the  first  of  the  Westchester  County 
parkways  on  which  all  crossings  at  grade  were  elimi- 
nated, the  first  bridges  for  this  purpose  being  designed 
and  constructed  about  1914. 

The  first  rural  grade  separation  with  ramps  in  the 
State  of  New  Jersey  was  built  in  1928.  Its  capacity  was 
observed  in  1930  when  a  16-hour  traffic  count  recorded 
a  total  of  62,527  vehicles  passing  through  the  intersec- 
tion. The  maximum  hourly  count  was  6,074  vehicles 
or  at  the  rate  of  more  than  100  vehicles  per  minute. 
Eleven  percent  of  the  total  traffic  was  light -turn  traffic 
and  12  percent  left-turn  traffic.  The  State  of  New 
Jersey  has  125  highway  grade  separations  located  for 
the  most  part  on  a  few  heavy-traffic  routes.  The  high- 
way that  forms  the  main  approach  to  the  Holland  tun- 
nel under  the  Hudson  River  between  Jersey  City  and 
New  York  City  has  a  roadway  without  grade  crossings 
for  9  miles  that  passes  under  and  over  many  local  roads. 
For  part  of  its  length  this  roadway  is  depressed  in  a 
rock  cut  and  a  part  of  the  remainder  is  elevated  on  em- 
bankments or  viaducts. 

Summary. — 

1.  Two-lane  highways  properly  designed  and  paved 
to  a  width  of  22  feet  are  capable  of  carrying  modern 
mixed  traffic  of  from  3,000  to  5,000  vehicles  per  day. 

2.  Three-lane  highways  of  the  dual  type  having  long 
sight  distances  for  passing  at  frequent  intervals  are 
capable  of  carrying  approximately  two  times  as  much 
traffic  as  two-lane  highways. 

3.  Four-lane  highways  having  connected  lanes  carry- 
ing two  lanes  of  opposing  traffic  in  each  direction  are 
unduly  hazardous  and  their  further  construction  for  use 
by  high-speed  mixed  traffic  in  rural  areas  is  to  lie  dis- 
couraged. 

4.  Four-lane  highways  with  opposing  traffic  separated 
by  a  raised  median  or  parking  strip,  preferably  not  less 
than  30  feet  in  width,  practically  eliminate  head-on 
collisions,  and  reduce  hazards  at  intersections  at  grade. 
Such  construction  is  recommended. 


5.  A  need  for  limited  roadways  of  the  freeway  type  is 
evidenced  by  traffic  demands  and  legislative  proposals 
for  construction  of  this  character. 

6.  Bypass  roads  constructed  around  built-up  sec- 
tions segregate  through  traffic  from  local  traffic,  remove 
it  from  city  streets,  and  facilitate  its  free  movement  by 
eliminating  hazards  and  reducing  delays;  but  to  be 
effective  over  long  periods  control  over  abutting  prop- 
erty must  be  secured  to  prevent  unrestricted  access. 

7.  Inefficient  intersections  greatly  reduce  the  ca- 
pacity of  highways  and  cause  accidents.  A  limited 
widening  of  roadways  at  intersections  with  marked  lanes 
and  speed  control  signs  with  or  without  traffic  control 
signals  are  reasonably  effective  for  light  to  medium 
traffic  volume.  For  heavier  traffic  volume  traffic 
circles  and  grade  separations  with  or  without  ramps  are 
recommended. 

S.  In  built-up  sections  traversed  by  through  and  local 
traffic  some  measure  of  relief  from  congestion  is  possible 
by  the  construction  of  service  roads  for  the  slow  local 
traffic  separated  from  the  through  traffic  by  raised 
strips  or  islands.  Public  parking  lots  and  garages  ad- 
jacent to  main  highways  have  been  found  to  reduce 
hazards  resulting  from  parking. 

9.  Studies  of  accidents  involving  pedestrians  along 
the  highways  in  the  State  of  Massachusetts  clearly  in- 
dicate a  substantial  decrease  in  pedestrian  casualties 
since  the  completion  of  500  miles  of  sidewalk.  Acci- 
dents involving  pedestrians  walking  along  the  highway 
generally  have  been  reduced  50  percent.  On  many 
roads  formerly  the  scene  of  serious  casualties  no  acci- 
dents since  the  construction  of  sidewalks  were  recorded 
for  the  first  6  months  of  the  year  1037. 

10.  In  the  United  States  there  is  no  immediate  prob- 
lem relating  to  the  segregation  of  traffic  using  cycle 
tracks  or  bridle  paths.  Horse-drawn  traffic  is  confined 
principally  to  light-traffic  earth  roads  in  agricultural 
areas. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report   of   the   Chief  of   the   Bureau  of   Public   Roads,    1931. 
10  cents. 

Report   of   the   Chief    of    the   Bureau   of   Public   Roads,    1933. 
5  cents. 

Report   of   the   Chief  of   the   Bureau   of   Public   Roads,    1934. 
10  cents. 

Report   of   the  Chief   of   the   Bureau   of   Public   Roads,    1935. 
5  cents. 

Report  of   the  Chief  of   the   Bureau   of   Public    Roads,    1936. 
10  cents. 

Report   of   the  Chief  of   the    Bureau   of   Public   Roads,    1937. 
10  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  I    .    .    .    Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.      15  cents. 

Part  2  .    .    .    Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .    .    .    Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.      10  cents. 

Part  4  Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .    .    .   Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6  .    .    .    The  Accident-Prone  Driver.      10  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP  The  Results  of  Physical  Tests  of  Road-Building 

Rock.     25  cents. 

No.  19IMP      .    Roadside  Improvement.     10  cents. 

No.  272MP  .    .    Construction  of  Private  Driveways.     10  cents. 

No.  279MP  .    .    Bibliography  on  Highway  Lighting.     5  cents. 

Highway  Accidents.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Federal    Legislation    and    Rules    and    Regulations    Relating   to 
Highway  Construction.     15  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.     15  cents. 

Highway  Bond  Calculations.      10  cents. 


DEPARTMENT  BULLETINS 

No.  I279D  .    .    Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D  .    .    Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 

No.  55T   .    .    .    Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical     Equipment    on     Movable     Bridges. 
35  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP  .    .    Bibliography  on  Highway  Safety. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y   .    .    Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a   Plan  of   Highway    Improvement  in   the   Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of   a   Survey   of  Traffic   on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act 

Act  II. —  Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.— Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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STUDY  AND  STANDARD  OF  QUALITY  OF 

A  ROAD  SURFACE' 

FROM  THE  VIEWPOINT  OF  (A)  ITS  SLIPPERINESS  OR  RUGGEDNESS,  AND  ITS  RESISTANCE  TO  SKIDDING; 
(B)  ITS  PROPERTY  OF  REFLECTING  OR  ABSORBING  LIGHT  (UNDER  ARTIFICIAL  LIGHTING) 

By  R.  H.  BALDOCK,  Chief  Engineer,  Oregon  State  Highway  Commission,  Principal  Reporter 


GENERAL  CONCLUSIONS 


1.  To  afford  reasonable  protection  against  the  dan- 
gers of  skidding,  a  road  surface  should  have  a  static  or 
side-skid  friction  coefficient  of  0.4,  or  higher,  at  40 
miles  per  hour. 

2.  Pavements  with  a  coarse  sandpaper  or  slightly 
rough  texture  are  more  nonskid  than  pavements  having 
a  rough,  knobby  texture. 

3.  As  the  speed  of  the  vehicle  increases,  particularly 
on  wet  surfaces,  the  coefficient  of  friction  decreases. 

4.  The  coefficient  of  friction  of  wet  surfaces  of  the 
bituminous  type  increases  with  an  increase  of  hardness 
of  the  asphalt  or  tar  binder. 

5.  The  coefficient  of  friction  of  wet  bituminous  sur- 
faces varies  through  a  wide  range.  The  coefficients 
of  the  liigh-type,  nonskid  asphalt  ic  pavements  and 
bituminous  macadam  surfaces  are  consistently  higher 
than  the  coefficients  of  other  wet  surfaces.  However. 
unusually  low  coefficients  are  obtained  on  bituminous 
surfaces  when  such  surfaces  are  covered  by  a  skin  of 
free  asphalt. 

6.  The  coefficients  of  wet  portland  cement  concrete 
surfaces  are  from  15  to  50  percent  lower  than  those  of 
high-type  asphaltic  surfaces  under  similar  conditions 
of  test. 

7.  The  lower  coefficients  of  friction  of  wet  portland 
cement  concrete  surfaces,  in  comparison  with  present 
high-type  bituminous  macadam  and  asphaltic  concrete 
surfaces  under  similar  conditions,  are  unquestionably 
caused  by  the  film  of  water  retained  on  the  surface  oi 
portland  cement  concrete  pavements  of  current  design. 
Tests  indicate  that  the  presence  of  the  water  film  on 
the  portland  cement  concrete  surfaces  is  the  probable 
cause  of  the  reflection  or  glare  from  approaching  head- 
lights as  evidenced  on  this  type  of  pavement  in  com- 
parison with  the  noticeable  absence  of  glare  afforded 
by  the  rough-textured  surfaces  of  modern  asphaltic 
concrete  and  bituminous  macadam. 

8.  Changes  in  the  design  of  portland  cement  con- 
crete pavement  surfaces  to  afford  larger  grooves  to 
permit  the  rapid  run-off  of  the  water  are  necessary  to 
increase  skid  resistance  and  to  reduce  the  headlight 
glare  of  this  type  of  pavement. 

9.  The  larger  of  two  tires  of  the  same  tread  design 
will  have  the  greater  coefficient  of  friction.     This  sub- 

i  Report  for  the  United  States  to  the  Eighth  International  Road  Congress  held  at 
The  Hague,  June  19-July  2,  1938. 
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stantiates  the  theory  that  the  total  frictional  resistance 
of  tires  on  road  surfaces  is  equal  to  the  true  frictional 
resistance  of  the  two  materials  plus  the  mechanical 
resistance  which  increases  with  the  contact  area  of  the 
tire. 

10.  On  wet  surfaces  the  scpieegec  action  of  the  edges 
of  new-tread  tires  provides  a  more  intimate  contact. 
with  the  area  of  the  road  surface  than  is  possible  with 
smooth-tread  tires  and  thus  reduces  the  lubricating 
effect  of  the  water. 

11.  Dry,  light-colored  pavements  are  from  2  to  4 
times  as  luminous  as  dry,  dark-colored  pavements. 
No  pavement  has  much  luminosity  wdien  wet. 

12.  Smooth-textured  pavements  reflect  more  light 
than  pavements  having  rough-textured  surfaces. 

13.  Both  smooth  pavements  and  pavements  having 
a,  fine,  sandpaper  texture  are  covered  with  a  film  of 
water,  when  wet,  and  this  film  is  a  very  effective  reflect- 
ing surface.  Coarse-textured  surfaces  having  pits  or 
indentations  of  from  %  to  %-inch  in  depth  break  up  the 
water  film  and  therefore  reflect  light  in  considerably 
lesser  degree. 

14.  Reflective  glare  from  wet  surfaces  is  in  the  main 
a  function  of  the  texture  of  the  surface  and  the  least 
glare  is  given  by  those  surfaces  which  are  so  deeply  in- 
dented that  water  is  not  held  by  surface  tension  but 
drains  off  with  sufficient  rapidity  to  prevent  the  flooding 
of  the  entire  surface  and  the  formation  of  a  water  film  to 
act  as  a  mirror  and  reflect  the  lights  of  approaching 
vehicles. 

15.  For  a  maximum  of  skid  resistance  and  a  minimum 
of  glare,  it  is  necessary  to  construct  pavements  having 
surface  indentations  or  grooves  deep  enough  to  pre- 
vent the  surface  tension  of  water  from  holding  a  film  of 
water  on  the  surface.  Moreover,  the  small  particles  of 
rock  or  sand  should  stand  above  and  screen  off  the 
light  from  the  water  running  hi  the  indentations  or 
grooves  above  described. 

16.  The  surface  texture  of  the  pavement  should  be  as 
fine  as  possible  to  accomplish  the  above  objective  inas- 
much as  a  coarse,  knobby  texture  reduces  skid  resistance. 

17.  Water  film,  when  present  on  the  surface  of  a 
pavement,  acts  not  only  as  a  lubricating  medium  be- 
tween the  tire  and  the  pavement  but  also  as  a  mirror  to 
reflect  light  and  cause  dangerous  glare. 
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A.  SLIPPERINESS  OR   ROUGHNESS  AND   RESISTANCE  TO  SKIDDING 


Statistics  collected  and  published  by  the  Travelers 
Insurance  Company  of  America  indicate  that  about 
1,500  persons  are  killed  annually  and  that  30,000  persons 
are  injured  annually  in  the  United  States  of  America,  by 
accidents  reported  as  due  to  skidding  on  slippery  road 
surfaces.  While  many  of  these  accidents  were  in  all 
probability  caused  by  attempted  driving:  at  excessive 
speed,  it  must  be  borne  in  mind  that,  to  the  average 
motorist,  skidding  is  a  menace  which  causes  uneasiness 
and  discomfort  even  when  no  accident  results.  It  is 
quite  probable  that  many  such  accidents  occurred  on 
surfaces  so  slippery  as  to  afford  practically  no  friction 
between  the  tire  and  the  pavement. 

Any  road  surface  used  by  motor  vehicles  should  have 
sufficient  roughness  of  surface  texture  to  provide  that 
friction  between  the  tires  of  automotive  vehicles  and 
the  road  surface  requisite  for  the  safe  starting,  steering, 
and  stopping  of  such  vehicles  under  all  reasonable  con- 
ditions of  operation.  No  road  surface  should  be  so 
slippery  that  skidding  of  the  vehicle  can  occur  when  the 
vehicle  is  being  operated  in  a  reasonable  and  proper 
manner.  Investigations  have  shown  that  the  margin 
of  safety  for  high-speed  driving  is  small  even  on  dry 
surfaces  where  high  coefficients  of  friction  are  available. 

The  knowledge  of  the  coefficient  of  kinetic,  friction 
between  automobile  tires  and  roadway  surfaces  now 
extant  is  due  almost  entirely  to  the  work  of  Professor 
R.  A.  Moyer  and  his  associates  as  reported  in  Bulletin 
120  of  the  Iowa  State  College.  This  report  will  deal 
with  the  findings  of  Professor  Moyer  and  his  associates 
from  numerous  tests  of  the  skid-resisting  properties  of 
various  types  of  surfaces.  It  will  also  make  use  of  the 
reports  and  observations  contributed  by  various  high- 
way departments  and  other  organizations  and  in- 
dividuals. 

DEFINITIONS 

Coefficient  of  friction. — The  coefficient  of  friction  is 
the  ratio  between  the  force  parallel  to  the  road  surface 
and  the  normal  pressure  of  the  tires  upon  the  road  when 
skidding  is  impending  or  actually  taking  place.  If 
skidding  is  impending,  the  coefficient  is  called  the 
coefficient  of  static  friction,  while  if  the  movement  is 
actually  taking  place  the  coefficient  is  called  the  coeffi- 
cient of  kinetic  friction.  Static  friction  will  control 
skidding  when  a  vehicle  has  just  started  and  also  the 
straight  skidding  in  the  direction  of  travel  when  the 
brakes  are  on  the  point  of  locking  the  wheels  against 
rotation.  Kinetic  friction  will  control  straight  skidding 
in  the  direction  of  travel  when  the  wheels  are  locked, 
and  sidewise  skidding  in  the  direction  normal  to  the 
line  of  travel  with  wheels  either  locked  or  rotating. 

If  a  great  force  is  necessary  to  cause  skidding,  the 
coefficient  will  be  high,  while  if  a  slight  force  causes 
skidding  the  coefficient  will  be  low.  In  other  words,  a 
pavement  having  a  texture  which  enables  the  tires  to 
grip  the  surface  will  offer  great  resistance  to  skidding 
and  will  have  a  high  coefficient  of  friction.  It  therefore 
follows  that  highway  surfaces  are  skid-resistant  in  the 
order  of  the  ascending  curve  of  the  coefficient  of  friction. 

Integrating  dynamometer. — The  integrating  dynamo- 
meter is  an  instrument  for  measuring  the  force  exerted 
by  the  vehicle  when  skidding  straight  ahead  after  the 
application  of  the  brakes,  or  the  amount  of  skid  force 
exerted  by  the  vehicle  as  it  tends  to  skid  sideways. 
The  dynamometer  is  simple  and  rugged  in  construc- 
tion, measures  accurately  to  within  10  pounds  forces 


ranging  from  100  to  2,000  pounds,  and  its  accuracy  is 
not  changed  by  the  vibration  set  up  in  the  test-trailer. 
This  instrument  was  used  in  the  tests  hereinafter 
described. 

TESTS  BY  PROFESSOR  MOYER 

Road  tests  to  determine  the  slipperiness  of  various 
road  surfaces  under  various  surface  conditions,  as  wet, 
dr}r,  and  snow-  or  ice-covered,  were  conducted  by  the 
Iowa  Engineering  Experiment  Station  in  1924  and  again 
in  1927,  under  the  direction  of  T.  R.  Agg.  In  1932, 
the  study  was  renewed  and  has  been  carried  on  con- 
tinuously since  that  time  under  the  direction  of  R.  A. 
Moyer. 

In  the  more  recent  work,  all  of  the  more  important 
phases  of  skidding  relating  to  highway  safety  were 
carefully  investigated  and  analyzed.  The  resistance 
to  skidding  as  measured  by  the  coefficient  of  friction 
between  the  tires  and  the  road  surface  was  determined 
for  25  different  types  of  surfaces.  Tests  were  conducted 
with  new  tires  of  unworn  tread  design  and  with  similar 
tires  on  which  the  tread  had  been  worn  smooth.  They 
were  conducted  on  wet  and  dry  surfaces  for  both 
straight-ahead  and  sidewise  skidding,  at  speeds  rang- 
ing from  3  to  40  miles  per  hour,  using  a  two-wheel 
trailer  unit.  Tests  were  made  on  pavements  of  brick, 
asphaltic  concrete,  portland  cement  concrete,  on  sur- 
faces of  penetration  macadam  using  asphalt,  tar,  or 
road-oil  binders,  on  surfaces  treated  with  both  tar  and 
road  oil,  on  gravel  and  cinder  road  surfaces,  and  on 
bridge  floors  surfaced  with  asphalt  plank,  steel  plates, 
and  hardwood  plank.  Tests  were  also  made  on  mud-, 
snow-,  and  ice-covered  surfaces  both  with  and  without 
tire  chains. 

On  the  basis  of  the  results  of  braking-effort  tests 
made  with  2,134  cars  and  an  analysis  of  the  frictional 
requirements  when  braking,  minimum  safe-stopping 
distances  were  established. 

Probably  the  most  important  phase  of  this  investi- 
gation as  far  as  this  report  is  concerned  is  that  which 
deals  with  the  tests  of  the  various  road  surfaces.  It 
is  now  generally  recognized  that  roads  must  be  smooth- 
riding  and  free  from  large  surface  inequalities,  yet  skid- 
resistant  to  permit  safe  operation  at  the  high  speeds 
demanded  today  and  the  higher  speeds  which  may  be 
required  b}^  traffic  in  the  future. 

The  Moyer  tests  indicated  that  skid-resistance  can 
be  provided  in  road  surfaces  of  any  type,  and  that  the 
greater  hazard,  caused  by  snow,  ice,  and  mud,  can 
be  materially  reduced  by  maintenance.  The  tests  in- 
dicated that  practically  all  roads  in  the  dry  condition 
can  provide  the  requisite  friction  with  a  liberal  amount 
to  spare  for  ordinary  driving  demands  or  even  for 
emergency  demands.  Many  surfaces  in  wet  condition 
were  found  to  be  almost  as  safe  as  the  same  surfaces  in 
dry  condition,  but  the  tests  indicated  that  there  is  a 
large  mileage  of  surfaces  in  the  United  States  today 
which  are  dangerously  slippery  when  wet. 

In  the  earlier  investigations  of  the  skid-resistance  of 
pavements,  tests  were  conducted  at  low  speeds  at  which 
the  large  uniform  tractive  forces  required  of  the  towing 
vehicle  could  be  easily  provided.  In  the  more  recent 
tests,  the  more  variable  effect  of  speeds  ranging  from  3 
to  40  miles  per  hour  was  investigated.  The  results 
were  startling  because  they  indicated  how  slippery 
certain  surfaces  really  are.  On  certain  surfaces  in  wet 
condition,  it  was  found  that  at  40  miles  per  hour  the 
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friction  available  is  only  %  to  }{  as  great  as  it  is  at  10 
miles  per  hour.  In  fact,  under  certain  conditions, 
these  surfaces  were  found  to  be  equally  as  slippery  as 
snow-  or  ice-covered  surfaces. 

In  theory,  which  was  substantiated  by  the  tests,  the 
total  frictional  resistance  to  skidding  is  equal  to  the 
true  frictional  resistance  between  the  two  surfaces  plus 
the  resistance  which  results  from  a  mechanical  inter- 
locking of  the  tire  tread  with  the  road  surface.  This 
mechanical  resistance  is  brought  about  by  the  inter- 
locking of  minute  particles  of  rubber  with  equally 
small  projections  in  the  road  surface  which  tend  to 
shear  the  rubber  as  the  tire  slides  over  the  surface. 
In  extreme  cases  skid  marks  are  evidenced  by  the  film 
of  rubber  left  in  the  path  of  the  skidding  tire.  The 
true  frictional  resistance  is  theoretically  proportional 
to  the  normal  load  supported  by  the  tire.  The  me- 
chanical resistance,  however,  is  dependent  not  only 
on  the  normal  force  or  load  on  the  tire,  but  depends 
also  on  the  area  of  contact  of  the  tire  with  road  surface. 

Surfaces  which  are  smooth  and  which  provide  a  large 
and  intimate  contact  area  for  the  tire,  as  indicated  by 
tests,  provide  the  greatest  frictional  resistance  against 
skidding.  Conversely,  surfaces  which  have  a  rough 
knobby  surface  texture  do  not  provide  such  an  intimate 
contact,  and  therefore  do  not  afford  frictional  resist- 
ances as  great  as  those  provided  by  the  smooth  surface 
with  gritty  finish. 

On  wet  surfaces,  the  water  serves  as  a  lubricant  if  it 
cannot  be  squeezed  or  squeegeed  from  the  surface  as 
the  tire  rolls  over  it.  At  speeds  above  25  to  30  miles 
per  hour  the  tires  fairly  skim  over  the  surface  and  it  is 
far  more  difficult  to  remove  the  excess  water  and  to 
overcome  the  lubricating  effect.  If  the  water  is 
trapped  between  the  tire  and  the  road  surface,  skidding 
resistance  drops  off  sharply.  On  wet  surfaces,  it  is 
important  to  recognize  that  a  large  area  of  intimate 
contact  is  necessary  to  develop  high  frictional  resistance; 
that  small  grooves  should  be  provided  in  the  road 
surfaces  and  in  the  tire  to  permit  the  excess  water  to 
escape;  and  that  the  aggregate  on  the  surface  should 
be  hard  and  sharp,  with  many  points  of  contact  to  grip 
the  tire  and  prevent  skidding.  The  tests  revealed  that 
highly  polished  or  glazed  surfaces  are  certain  to  be 
dangerous  when  wet.  Examples  of  such  types  of 
surfaces  are  smooth  steel  plates,  steel-troweled  or 
highly  polished  concrete  surfaces,  and  glazed-over 
asphalt  surfaces. 

The  coefficients  of  friction  of  a  considerable  number 
of  pavement  surfaces  when  both  wet  and  dry  and  at 
speeds  of  from  3  to  40  miles  per  hour  were  determined 
in  the  Moyer  tests.  Typical  curves  resulting  from 
the  tests  are  reproduced  in  figure  1 ;  and  in  the  following 
summary  of  the  tests  the  average  values  from  these 
curves  are  used.  In  figure  2,  the  results  shown  in 
figure  1  have  been  grouped  so  that  those  surfaces  which 
give  similar  coefficients  of  friction  under  the  conditions 
tested  are  shown  by  a  single  curve.  Additional  data 
relative  to  the  effect  of  the  condition  of  the  tires  are 
also  shown  in  the  lowest  section  of  figure  1 . 

TESTS  ON  VARIOUS  TYPES  OF  SURFACE 

1.  Portland  cement  concrete  road  surfaces. — Portland 
cement  concrete  surfaces  of  reasonably  uniform  standard 
exist  in  greater  mileage  than  any  other  type  of  high- 
class  road  surfacing  used  in  the  United  States  today. 
While  the  skidding  resistance  of  wet  portland  cement 
concrete  pavement  was  found  to  be  not  as  high  as  that 


of  certain  bituminous  surface  types,  the  skidding  prop- 
erties of  portland  cement  concrete  were  found  to  be  the 
most  consistent  for  both  wet  and  dry  surfaces  of  all 
the  types  considered.  The  tests  indicated  the  desira- 
bility of  grooving  the  surface  or  of  finishing  with  a  canvas 
belt  so  as  to  bring  the  sharp  sand  grains  to  the  surface 
and  remove  or  break  up  the  coating  of  cement  paste 
which  is  responsible  for  the  slippery  condition  certain 
to  develop  on  a  portland  cement  concrete  pavement 
finished  with  steel  trowels. 

The  cement  paste  develops  a  hard  surface  finish  which 
is  polished  smooth  by  the  wearing  action  of  traffic. 
Excessive  manipulation,  vibration,  or  finishing  of  con- 
crete pavement  surfaces  draws  an  excess  of  cement  paste 
to  the  surface  and  makes  a  slippery  surface.  Proper 
brooming  or  belting  will  provide  a  skid-resistant  surface. 
The  coefficient  of  friction  of  wet  portland  cement  con- 
crete surfaces  ranges  from  0.4  to  0.9  for  straight  skidding 
and  from  0.5  to  0.8  for  sidewise  skidding;  the  coefficient 
of  friction  of  dry,  rough-textured  portland  cement  con- 
crete surfaces  ranges  from  0.8  to  1 .0  for  straight  skidding 
and  from  0.9  to  1.0  for  sidewise  skidding.  The  ranges 
given  cover  the  coefficients  for  both  new-tread  and 
smooth  tires. 

2.  Bituminous  road  surfaces. — The  frictional  resist- 
ance of  bituminous  road  surfaces,  as  measured  in  the 
tests,  varied  more  widely  than  the  frictional  resistance 
of  any  of  the  other  surfaces  tested.  This  general  class 
of  surfaces  has  been  generally  thought  of  by  the  travel- 
ing public  as  dangerously  slippery  when  wet.  While 
the  results  of  the  skidding  tests  on  several  bituminous 
surfaces  substantiated  this  belief,  the  majority  of  the 
bituminous  surfaces,  when  tested  in  the  wet  condition, 
gave  a  frictional  resistance  appreciably  higher  than  that 
obtained  on  any  other  type  of  surface.  The  tests  by 
Professor  Moyer  substantiate  the  conclusions  of  many 
highway  engineers  that  it  is  possible  to  build  bituminous 
surfaces  that  will  be  as  free  from  the  dangers  of  skidding 
as  any  road  surfaces  in  common  use  today.  The  major- 
ity of  bituminous  surfaces  built  recently  in  the  United 
States  are  nonskid  in  character. 

An  examination  of  the  bituminous  surfaces  found  in 
the  tests  to  be  slippery  revealed  that  they  were  covered 
with  an  excess  of  bituminous  material.  The  surfaces 
which  offered  high  resistance  to  skidding  were  covered 
with  sharp,  hard  sand,  or  with  hard  and  finely  crushed 
rock  particles  held  in  place  by  the  bituminous  cement. 
Such  surfaces  had  a  sandpaper-like  finish.  The  co- 
olficient  of  friction  for  wet  bituminous  surfaces  varied 
through  a  wide  range  of  values.  The  coefficients  for 
wet,  high-type  asphaltic  surfaces  were  consistently 
higher  than  those  for  the  other  wet  surfaces  tested. 
However,  unusually  low  coefficients  were  obtained  on 
some  bituminous  surfaces,  particularly  on  wet  penetra- 
tion macadam  built  with  a  soft  seal  coat. 

It  is  quite  apparent  that  the  coefficient  of  friction 
increased  with  an  increase  in  the  hardness  of  the  asphalt 
or  tar  binder  used  in  the  bituminous  surfaces.  In  this 
connection  it  is  pertinent  to  refer  to  the  recent  tendency 
in  the  practice  of  State  highway  departments  in  the 
western  portion  of  the  United  States  toward  the  use  of 
softer  binders  to  overcome  cracking  of  the  surface. 
It  is  the  reporter's  opinion  that,  by  and  large,  the  crack- 
ing that  develops  is  a  function  of  weak  foundations  and 
poor  drainage,  and  that  these  factors  should  be  corrected 
before  hastily  deciding  to  use  softer  asphalts.  The 
tests  by  Moyer  indicate  that  it  is  a  sound  practice  to 
construct  seal  coats  with  cut-back  or  emulsified  asphalts, 
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Figure  1. — Coefficients  of  Friction  for  New-Tread  and  Smooth-Tread  Tires  Skidding  Straight  Ahead  and  Sideways 

on  Various  Types  of  Road  Surfaces. 


small  amounts  of  which  are  sufficient  for  the  thorough 
coating  of  the  cove]'  aggregate.  The  thin  film  of  asphalt 
surrounding  the  stone  particles  firmly  binds  them 
together  and  the  absence  of  an  excess  of  asphalt  below 
the  cover  stone  insures  a  granular  surface. 

Competent  observers  are  of  the  opinion  that,  when 
hot  asphalt  is  used  for  sealing,  a  cover  stone  of  74-inch 
diameter  should  be  employed  to  prevent  flushing  of 
the  excess  asphalt  to  the  surface.  Professor  Moyer's 
experiments  have  thoroughly  demonstrated  that  a  sand- 
paper surface  which  takes  the  wear  of  traffic  directly 
on  the  mineral  aggregate  is  the  kind  of  surface  it  is 
desirable  to  construct.  Contrary  to  general  observa- 
tion, sheet  asphalt  pavement,  properly  constructed  with 
a  sandpaper  texture,  is  quite  resistant  to  skidding.  It 
is,  of  course,  necessary  to  eliminate  the  usual  surface 
dusting  coat.  Since  a  slight  excess  of  asphalt  will 
destroy  the  sandpaper  finish  and  produce  a  glazed 
surface,  it  appears  necessary  in  bituminous  pavement 
construction  of  both  the  premixed  and  penetration 
types  to  use  a  hard  aggregate  and  an  asphalt  with  a 
high  melting  point.  This  is  particularly  true  for  the 
top  or  wearing  course.  The  requisite  proportions  be- 
tween the  aggregate  and  asphalt  binder  should  be  con- 
trolled by  careful  inspection  during  construction. 

Nonskid  asphaltic  surfaces  can  be  built  either  in 
accordance  with  the  principle  of  maximum  density  or 
by  the  use  of  the  more  open  mixes.     The  latter  are 


perhaps  easier  to  construct  and  more  certain  in  their 
results.  The  methods  of  building  the  more  open- 
textured  mixes  and  penetrations  are  described  more 
thoroughly  hereafter  in  the  report  on  the  Oregon 
practice. 

The  coefficient  of  friction  of  dry  bituminous  pave- 
ment ranges  from  0.7  to  0.9  for  straight  skidding  and 
from  0.8  to  1.0  for  sidewise  skidding;  the  coefficient  of 
friction  of  wet  bituminous  pavement  ranges  from  0.2 
to  1.0  for  straight  skidding  and  from  0.3  to  0.9  for 
sidewise  skidding.  Again  these  ranges  cover  the  use 
of  both  new  and  worn  tires. 

3.  Brick  pavements. — Brick  surfaces,  free  from  excess 
filler,  were  found  in  the  Moyer  experiments  to  have 
skidding  resistance  slightly  lower  than  that  of  portland 
cement  concrete  surfaces.  Brick  surfaces  with  excess 
filler  that  exudes  or  bleeds  out  of  the  joints,  covering 
the  greater  part  of  the  surface  with  asphalt,  were  found 
to  be  as  slippery  as  bituminous  surfaces  with  seal  coats 
containing  an  excess  of  bituminous  material.  This 
would  be  expected  since  the  cause  of  the  slipperiness  is 
the  same  in  both  cases — the  excess  bituminous  material 
on  the  surface.  Recent  developments  in  the  manufac- 
ture of  paving  brick  and  in  brick  pavement  construc- 
tion have  greatly  improved  the  skid-resistant  proper- 
ties of  brick  pavements.  De-aired,  vertical-fiber  brick 
with  lugs  should  provide  a  wear-resisting,  gritty  finish. 
Where  there  is  any  difficulty  in  obtaining  the  gritty 
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finish,  it  is  possible  to  face  the  brick  with  carborundum 
or  emery  grit  during  manufacture  and  thereby  provide 
a  wear-resisting  and  skid-resisting  surface  which  should 
be  the  equal  of  any  road  surface  now  in  general  use. 

Bleeding  of  the  joints  has  been  practically  eliminated 
by  using  a  blended  asphalt  joint  filler  mixed  with  a 
mineral  Hour  to  provide  a  stable  mix  with  a  low  co- 
efficient of  expansion.  Before  applying  the  joint  filler, 
the  brick  surface  may  be  sprayed  with  a  separating 
agent  consisting  of  a  clacium  chloride  solution  com- 
posed of  35  percent  calcium  chloride,  1  percent  starch, 
and  64  percent  water.  By  this  method  any  surplus 
overflow  of  asphalt  from  the  joints  during  the  filling 
process  may  be  scraped  and  peeled  off  the  surface  after 
it  has  cooled  and  hardened,  leaving  a  clean  surface  with 
flush-filled  joints.  Lime  whitewash  may  also  be  used 
for  this  purpose.  It  is  prepared  by  mixing  finishing 
lime  and  water  in  the  proportions  of  not  less  than  1 ){ 
sacks  of  lime  to  50  gallons  of  water.  The  mixture  should 
be  prepared  one  day  in  advance  of  using.  Methods  for 
applying  these  separating  agents  are  described  in  the 
report  for  the  United  States  on  brick  pavements 

The  coefficient  of  friction  of  dry  brick  pavements 
ranges  from  0.7  to  1.0  for  straight  skidding  and  from 
0.8  to  0.9  for  sidewise  skidding;  the  coefficient  of  friction 
of  wet  brick  pavements  ranges  from  0.3  to  0.8  for  straight 
skidding  and  from  0.4  to  0.7  for  sidewise  skidding; 
the  ranges  in  each  case  covering  the  use  of  both  new 
and  smooth  tires. 

4.  Bridge  floors. — Wood  plank,  smooth  steel  traffic 
plates,  and  ordinary  asphalt  plank  were  found  in  the 
Mover  tests  to  be  as  slippery  when  wet  as  icy  surfaces. 
It  is  particularly  hazardous  to  use  these  materials  on 
bridge  floors.  Skidding  accidents  under  such  circum- 
stances are  more  hazardous  because  of  the  restricted 
roadway.  Indeed,  it  is  the  reporter's  opinion  that  they 
should  not  be  used  under  any  conditions  as  a  highway 
surface  unless  they  are  provided  with  some  type  of 
nonskid  finish.  Wood  planks  may  be  covered  with  a 
bituminous  treatment  involving  the  use  of  coyer  stone 
of  suitable  size  so  as  to  give  a  gritty  surface  finish.  Steel 
plates  should  have  a  stud  or  grid  design  providing  sharp 
edges  to  grip  the  tires  and  prevent  skidding.  Likewise, 
the  surfaces  of  ordinary  asphalt  plank  should  be  covered 
with  sharp,  gritty  aggregate.  In  general,  bridge  floors 
are  now  covered  either  with  portland  cement  concrete 
or  high-type  asphaltic  concrete,  both  of  which  afford 
a  satisfactory  skid-resistant  surface  in  wet  weather. 

5.  Sand,  gravel,  cinder,  and  macadam  surfaces.— 
Sand,  gravel,  cinder,  and  macadam  surfaces  all  offer  a 
higher  resistance  to  skidding  in  either  the  wet  or  dry 
condition  when  the  surface  is  firm  and  reasonably  free 
from  loose  material.  Loose  aggregate,  especially  sand 
and  gravel  pebbles,  acts  in  the  same  manner  as  ball 
bearings  under  the  tires.  It  causes  variations  in  the 
skidding  resistance,  making  steering  difficult,  and  in 
this  way  causes  many  accidents.  Such  surfaces  also 
tend  to  become  dusty  in  summer,  materially  reducing 
visibility,  and  thus,  in  another  way,  creating  a  hazard. 
The  loose,  dusty  condition  also  increases  the  cost  of 
transportation  by  causing  increased  fuel  consumption, 
tire  and  car  repair  costs,  and  road  maintenance  costs. 
When  there  is  considerable  traffic,  the  cost  of  stabiliz- 
ing the  surfaces  is  unquestionably  justified.  In  parts 
of  the  United  States  clay  binder  has  been  used  with 
some  success,  but  it  has  been  clearly  demonstrated  that 
the  presence  of  clay  in  a  gravel  or  macadam  surface 
lowers  the  chance  of  success  of  any  subsequent  treat- 
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Figure  2. — Coefficients  of  Friction  of  Tires  Skidding 
Straight  Ahead  and  Sideways  on  Various  Types  of  Road 
Surfaces. 

ment  with  oil  or  tar.  In  the  opinion  of  the  reporter, 
it  is  much  more  effective  and  cheaper  in  the  long  run  to 
stabilize  such  surfaces  with  an  asphalt  or  tar  binder. 
This  can  be  done  either  by  the  road-mix  method  or  by 
the  placing  of  a  mat  of  oil,  asphalt,  or  tar  and  screen- 
ings, as  a  wearing  course. 

6.  Maintenance. — The  results  of  the  Moyer  tests  on 
mud-,  snow-,  and  ice-covered  surfaces,  regardless  of 
their  construction,  clearly  indicated  that  these  condi- 
tions are  the  most  hazardous  the  motorist  is  likely  to 
encounter.  Ice  and  sleet  were  found  to  be  particularly 
slippery,  providing  a  frictional  resistance  of  only  about 
one-fifth  of  that  provided  by  a  dry  concrete  surface. 
The  seriousness  of  the  snow  and  ice  problem  as  related 
to  skidding  is  indicated  by  the  fact  that  about  80  per- 
cent of  all  skidding  accidents  in  Iowa,  for  example, 
were  found  to  occur  in  the  4  winter  months. 

The  correction  of  this  slippery  condition  is  clearly  a 
maintenance  problem  and  demands  prompt  attention 
if  it  is  to  be  effective.  Ice  forms  on  the  road  surface  at 
a  temperature  close  to  the  freezing  temperature,  and  if 
sand  and  cinders  are  applied  promptly  at  that  time,  the 
sand  and  cinders  will  be  embedded  in  the  ice,  thus  rais- 
ing its  frictional  resistance  to  3  or  4  times  that  which  it 
can  provide  without  such  treatment.  If  the  applica- 
tion of  cinders  or  sand  is  postponed  until  lower  tem- 
peratures prevail,  the  sand  or  cinders  may  not  be 
embedded  in  the  ice  and  the  wind  and  traffic  may  whip 
them  off  the  road.     It  is  possible  to  apply  the  sand  or 
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cinders  at  lower  temperatures  if  they  are  first  heated 
or  premixed  with  calcium  chloride  or  rock  salt.  Such 
treatment  causes  the  sand  or  cinders  to  become  em- 
bedded in  the  ice  the  same  as  if  placed  at  higher 
temperatures. 

In  certain  States  of  the  United  States,  notably  Michi- 
gan, calcium  chloride  and  sodium  chloride  have  been 
applied  directly  on  ice-covered  surfaces.  It  has  been 
found  that  such  treatment,  when  applied  to  ice  over- 
lying portland  cement  concrete  surfaces,  causes  serious 
damage  to  pavement  and  results  in  a  form  of  scaling 
and  a  gradual  disintegration  of  the  concrete.  For  this 
reason  it  is  suggested  that  the  use  of  sodium  or  calcium 
chloride  be  avoided  and  that  the  sand  or  cinders  be 
heated  before  application  to  ice-covered  portland  cement 
concrete  surfaces. 

Snow  (particularly  dry  snow)  has  from  two  to  three 
times  the  skid-resistance  of  ice.  However,  snow  may 
so  suddenly  change  to  ice  and  is  so  difficult  to  distin- 
guish from  ice  that  the  driver  cannot  be  sure  that  a 
snowy  surface  is  free  from  ice.  It  is  therefore  necessary 
to  apply  sand  and  cinders  at  intersections,  on  hills,  and 
on  curves  as  soon  as  the  snow  becomes  packed.  The 
practice  of  beginning  snow  removal  coincidently  with 
the  beginning  of  the  storm  and  of  carrying  on  the  snow 
removal  operations  continuously  until  the  storm  has 
ceased  has  become  a  standard  procedure  with  State 
highway  departments  in  the  United  States. 

Mud  on  pavements  constitutes  a  serious  skidding 
menace.  Where  possible,  the  muddying  of  surfacings 
should  be  prevented  by  placing  gravel  coatings  on 
shoulders  and  on  muddy  side  roads,  farm  drives,  or  field 
entrances. 

Roads  that  have  glazed  surfaces  and  are  known  to  be 
slippery  when  wet  should  be  covered  with  nonskid 
treatments  of  asphalt  and  mineral  aggregate.  At- 
tempts have  been  made  to  apply  heated  sand  or  screen- 
ings on  glazed  bituminous  surfaces,  but  the  results 
have  been  more  or  less  ineffectual.  Usually  the  rolling 
operation  cracks  the  stones,  with  the  result  that  they 
are  soon  loosened  by  the  traffic.  Under  particular 
conditions,  as  where  soft  asphalt  with  a  low  melting 
point  has  been  used,  it  is  sometimes  possible  to  perform 
this  work  satisfactorily  but,  in  general,  the  fact  that  the 
treatment  can  be  given  on  only  a  few  days  of  the  year 
and  a  few  hours  in  each  day  renders  the  method  highly 
impractical.  Likewise  the  correction  of  glazed  sur- 
faces by  cutting  back  the  excess  asphalt  with  volatile 
solvents  and  applying  gritty  cover  stone  to  blot  up  the 
excess  binder  has  met  with  only  mediocre  success.  The 
nonskid  treatment  of  pavements  by  the  placing  of  a 
mat  of  asphalt  and  stone  chips  has  been  found  to  be 
generally  satisfactory,  but  the  successful  application  of 
this  treatment  requires  long  experience  and  painstaking 
workmanship.  The  methods  found  most  satisfactory 
in  Oregon  are  described  elsewhere  in  this  report.  The 
application  of  nonskid  treatment  on  old  concrete  pave- 
ment is  an  even  more  difficult  procedure  because  of  the 
difficulty  of  successfully  binding  thin  mats  to  concrete 
surfaces. 

OBSERVATIONS   BY   STATE   HIGHWAY   DEPARTMENTS 

Wyoming. — The  Wyoming  Highway  Department  re- 
ports that  practically  all  of  its  hard-surface  roads  are 
of  bituminous  type  built  at  rather  low  cost  according 
to  a  road-mix  specification.  The  Wyoming  experience 
indicates  that  when  slow-curing  oils  are  used  there  is 
danger  of  their  softening  during  hot  weather,  allowing 


the  aggregate  to  settle  below  the  surface  and  leaving  a 
him  of  asphaltic  cement  on  the  top  of  the  wearing  sur- 
face. The  tendency  in  their  present  practice  is  toward 
the  use  of  harder  asphalt  and  sealing  with  a  rapid-curing 
cut-back  covered  with  sharp,  clean  sand. 

Virginia. — The  Virginia  Department  of  Highways 
reports  a  method  of  making  pavements  nonskid  that 
it  has  used  recently  on  a  section  of  U.  S.  Route  No.  1 
between  Alexandria  and  Fredericksburg  carrying  a 
traffic  of  well  over  6,000  vehicles  daily.  An  original 
18-foot  concrete  pavement  had  been  widened  on  each 
side  to  provide  for  3  lanes,  and  sheet  asphalt  had  been 
laid  over  the  entire  surface.  The  sheet  asphalt  proved 
slippery  during  periods  of  heavy  fog  and  rain,  and  to 
eliminate  the  hazardous  condition,  a  nonskid  bitumi- 
nous surface  treatment  was  applied  on  the  grades. 

The  treatment  consisted  of  an  application  of  one- 
quarter  gallon  of  cut-back  asphalt  heated  to  a  tempera- 
ture of  100°  F.  This  binder  was  made  from  an  asphalt 
having  a  penetration  of  85-100  mixed  with  naphtha 
in  the  ratio  of  2  parts  asphalt  to  1  part  naphtha.  Before 
the  application  of  the  cut-back  binder,  all  cracks  in  the 
pavement  were  patched  by  hand.  A  slag  covering  was 
immediately  applied  at  the  rate  of  20  to  22  pounds  per 
square  yard.  Extreme  care  was  used  to  effect  a  uniform 
distribution  and  no  brooming  was  permitted.  The  slag 
was  rolled  lightly  with  a  5-ton  roller,  and  traffic  was 
kept  off  the  road  for  a  period  of  about  72  hours.  The 
Virginia  authorities  report  that  excellent  results  were 
obtained  on  this  section  which  has  now  been  subject 
to  traffic  for  about  4  months.  They  are  of  the  opinion 
that  the  closing  of  the  section  to  traffic  for  a  time  suffi- 
cient to  allow  the  volatile  materials  in  the  asphalt  binder 
to  escape  was  one  of  the  major  causes  of  the  successful 
results  obtained. 

Texas. — The  State  Highway  Department  of  Texas 
reports  that  the  quality  of  a  road  surface  from  the 
viewpoint  of  slipperiness  or  roughness  and  its  resistance 
to  skidding  has  been  the  subject  of  considerable  study 
and  research  by  that  department  for  many  years. 
The  early  concrete  pavements  built  in  the  State  were 
finished  very  smooth  and  they  were  found  to  be  quite 
slippery  when  wet  or  damp.  The  condition  has  been 
corrected  by  the  use  of  a  belt  on  the  freshly  placed  con- 
crete at  approximately  the  time  it  reaches  initial  set. 
It  has  been  found  that  this  finishing  treatment  raises 
the  grains  of  sand  in  the  mortar  and  creates  light  ridges 
in  the  surface  which  afforded  a  very  satisfactory  resist- 
ance to  skidding.  The  skill  of  the  workmen  in  the 
manipulation  of  the  belt  determines  the  type  of  surface 
secured;  hence  this  practice  has  been  subjected  to  care- 
ful control  by  the  Texas  Department  for  the  past  7 
years. 

For  the  "nonskidding"  or  roughening  of  asphalt- 
surfaced  roads  the  Texas  department  uses  both  a  pene- 
tration and  a  premix  type  of  treatment.  In  the  pene- 
tration type  treatment  the  nonskid  surface  is  provided 
through  the  use  of  hard,  angular,  crushed  stone  or 
gravel  placed  uniformly  over  the  surface  as  a  wearing 
course.  The  amount  of  asphalt  used  is  carefully  con- 
trolled as  are  also  the  proportions  and  sizes  of  the  lower 
course  of  rock.  The  entire  course  must  be  stable,  and 
the  amount  of  asphalt  must  be  less  than  that  which, 
penetrating  upward  through  the  surface  course,  would 
fill  the  voids  between  the  rock  and  create  a  smooth 
surface.  When  the  amount  of  asphalt  is  thus  properly 
controlled,  a  surface  affording  satisfactory  resistance  to 
skidding  is  provided. 
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The  premix  asphaltic  treatments  are  of  two  general 
classifications — hot  mix  and  cold  mix.  In  the  cold- 
mix  construction  the  most  recent  procedure  is  to  place 
a  light  surface  course  of  the  open-mix  type  as  the  last 
course  of  the  surface  construction.  This  course  is  not 
more  than  %-inch  thick.  The  aggregate  used  is  % 
inch  in  size  and  is  very  hard  and  sharp.  The  mix  is  so 
designed  that  the  amount  of  mortar — that  is,  the  por- 
tion of  the  mix  below  the  10-mesh  screen — is  not  suffici- 
ent to  fill  the  voids  in  the  coarser  aggregate  and,  in 
consequence,  the  %-inch  material  is  everywhere  evident 
in  the  wearing  course  and  provides  a  considerable 
resistance  to  skidding. 

In  the  hot-mix  construction,  the  surface  course  is 
placed  by  means  of  a  mechanical  finishing  machine  to 
a  depth  of  from  %  inch  to  )'i  inch.  The  aggregate  is 
very  hard,  %  inch  maximum  size,  and  the  voids  are 
only  half-filled  with  mortar.  The  mix  is  placed  at  a 
temperature  of  375°  F.  which  creates  a  segregation  due 
to  the  latent  heat  in  the  course  aggregate.  In  normal 
asphaltic  concrete  construction,  segregation  is  one  of 
the  things  that  is  carefully  avoided.  However,  in 
placing  this  nonskid  surface  it  was  accidentally  found 
that  by  creating  a  segregation  the  type  of  surface 
desired  was  obtained. 

The  placing  of  the  mix  under  the  mechanical  finishing 
machine  in  such  a  thin  layer  makes  it  necessary  that  it 
be  sufficiently  warm  to  work  properly.  It  was  found 
that  when  the  temperature  was  raised  slightly  above 
the  normal  temperature — in  other  words  to  375°  F  — 
the  manipulation  of  the  surface  by  the  finishing 
machine  and  the  heat  in  the  coarse  rock  caused  the 
mortar  to  slip  down  into  the  bottom  of  the  course  by 
gravity  which  left  the  top  open  and  the  lower  half  of 
the  large  rock  firmly  embedded  in  the  matrix.  This 
provided  the  most  satisfactory  nonskid  surface  that 
has  yet  been  laid  in  the  State  of  Texas.  It  is  obvious 
that  the  penetration  of  the  asphalt  must  be  low  in 
order  that  the  mix  shall  be  stable.  A  55-penet ration 
asphalt  has  been  used  and  it  has  been  found  that  the 
high  heat  used  in  mixing  and  placing  decreases  this 
penetration  normally  to  somewhere  between  25  and  35. 

Arizona. — The  Arizona  State  Highway  Department 
reports  that  in  general  its  bituminous  surfaces  are  con- 
structed by  the  road-mix  method,  using  slow-curing 
road  oils  and  medium-curing  cutback  asphalt.  These 
surfaces  are  covered  either  with  a  seal  coat  of  90  to  95 
percent  road  oil  and  screenings  ranging  from  %  inch  to 
those  passing  a  10-mesh  sieve,  or  with  90  to  95  percent 
road  oil  pre  mixed  with  the  screenings  of  the  same  size. 
The  department  reports  that  it  has,  in  every  case,  ob- 
tained a  roughened  surface  with  the  requisite  nonskid 
properties,  but  in  some  cases  the  roughened  surface  has 
later  lost  its  roughness  due  to  the  softening  of  the  sur- 
face and  gradual  embedding  of  the  screenings  until  a 
smooth  layer  of  asphalt  appeared  on  the  surface.  The 
department  is  guarding  against  this  condition  by  a 
more  thorough  study  of  the  design  of  the  mix. 

Colorado.- — The  State  Highway  Department  of  Colo- 
rado reports  that  in  its  road-mix  construction  (bitu- 
minous surfaced  roads),  it  guards  against  the  use  of  too 
much  asphalt.  Surfaces  are  constructed  with  the 
minimum  amount  of  asphalt  required  to  supply  the 
essential  binder,  the  main  course  being  followed  by  a 
seal  coat  containing  a  cover  stone  which  provides  a 
gritty  surface  resistant  to  skidding. 

Kansas. — The  Kansas  Highway  Commission  calls 
attention  to  the  prevalence  of  oil  drippings  along  the 


quarter  points  of  portland  cement  concrete  pavements 
and  to  the  resultant  low  resistance  to  sidewise  skidding 
at  those  points.  The  department  is  attempting  to 
devise  ways  and  means  to  eliminate  this  oil  streak  as  a 
maintenance  process.  Variations  in  the  skidding  char- 
acteristics of  surfaces  of  bituminous  macadam  and 
other  types  of  bituminous  pavement  have  caused  some 
concern  in  this  State.  To  correct  such  conditions,  use 
has  been  made  of  light  applications  of  rapid-curing 
cutback  covered  with  aggregate  graded  in  size  between 
the  %-inch  ring  and  the  No.  8  square-mesh  sieve.  The 
Kansas  engineers  recommend  the  use  of  transition 
curves  for  highway  alinement  which  will  lessen  the 
throw  of  the  car  caused  by  the  sudden  application  of 
centrifugal  force  at  the  point  of  the  curve.  On  slippery 
pavements,  this  throw  frequently  induces  skidding. 

Massachusetts. —  The  Massachusetts  Department  of 
Public  Works  stresses  the  banking  of  curves  and  the 
lengthening  of  curve  radii  as  well  as  the  design  and 
construction  of  nonskid  surfaces  to  prevent  the  hazard 
of  motor  car  skidding.  It  recommends  a  surface  free 
from  depressions  and  bumps,  and  providing  a  maximum 
amount  of  angular  particles  of  the  mineral  aggregate  in 
contact  with  the  tire  and  particles  sufficiently  large  to 
resist  the  force  causing  the  tendency  to  skid.  The 
Massachusetts  portland  cement  concrete  surfaces  have 
been  constructed  by  the  well-known  method  of  broom- 
ing and  afford  sufficient  angular  contact  with  the  tires. 

The  bituminous  macadam  surfaces  of  Massachusetts 
are  known  throughout  the  United  States  for  their 
excellent  quality.  Great  care  is  exercised  to  obtain  the 
proper  balance  between  the  amount  and  kind  of  bitumi- 
nous material  and  the  size  of  the  keystone.  During  the 
past  few  years,  however,  the  Massachusetts  depart- 
ment has  developed  a  rather  coarse,  knobby  surface 
texture  without  any  cover  of  pea  or  chip  stone.  The 
large  stones  present  a  rough  mosaic,  the  top  of  which  is 
free  of  asphalt.  Clean,  properly  graded  broken  stone 
of  the  resistance  to  wear  and  toughness  required  is  used 
and  this,  when  rolled,  affords  a  firm,  interlocking  sur- 
facing. Chip  stones  are  used  in  quantities  sufficient 
only  to  fill  the  voids  below  the  top  surfaces  of  the  large 
stones. 

The  Massachusetts  department  has  been  of  the 
opinion  that  this  open,  granular  type  is  best  from  the 
viewpoint  of  skid  prevention  and  that  such  pavements 
are  as  durable,  if  not  more  so,  than  the  tighter,  mat- 
covered  pavements  of  former  years.  However,  such 
roads  cause  an  unpleasant  rumble  in  a  rapidly  moving 
closed  motor  vehicle.  The  department  recognizes  this 
disadvantage  and  plans  to  return  to  the  former  method 
using  a  surface  of  finer  texture.  It  is  to  be  noted  that 
the  department's  opinion  in  regard  to  the  skid-resisting 
properties  of  the  coarse,  knobby  type  of  surface  does  not 
coincide  with  the  results  of  the  research  of  Professor 
Moyer,  which  leads  to  the  conclusion  that  all  State 
departments  should  calibrate  their  types  of  pavement 
by  means  of  equipment  similar  to  that  devised  by 
Professor  Moyer  to  the  end  that  they  may  speak  a  com- 
mon language  and  refer  to  definite  values  of  the  coeffi- 
cients of  straight-ahead  and  sidewise  skidding.  It 
would  likewise  be  desirable  if  some  standard  device  to 
measure  the  nonskid  properties  of  various  types  of 
pavements  could  be  universally  employed. 

Mississippi.- — The  Mississippi  Highway  Department 
reports  that  it  is  rolling  bituminous-coated  chips  into 
both  the  Topeka  and  the  sheet  asphalt  types  of  asphaltic 
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concrete,  thereby  obtaining  a  very  nonskid  pavement 
surface. 

Wisconsin. — The  Wisconsin  State  Bighway  Com- 
mission lias  bad  some,  difficulty  in  maintaining  bitumi- 
nous surfaces,  due  to  the  flushing  of  the  asphalt  to  the 
surface.  It  has  remedied  this  condition  by  the  appli- 
cation of  a  seal  coat  of  additional  asphalt  and  hard, 
sharp  stone  chips.  It  reports  that  it  has  found  that  ice 
melts  more  quickly  on  bituminous  surfaces  than  on 
concrete,  due  presumably  to  the  greater  absorption  of 
heat  by  the  darker  material.  Some  difficulty  has  been 
experienced  in  sanding  ice  covering  portland  cement 
concrete  pavement  because  of  injurious  effects  of  the 
salts  mixed  with  the  sand  and  cinders,  which  salts 
apparently  have  caused  a  later  disintegration  of  the 
concrete  surface. 

Oregon. — As  has  been  stated,  it  is  necessary  to  build 
and  maintain  smooth-riding  and  skid-resisting  surfaces. 
Rough  pavements  are  the  direct  cause  of  skidding  at 
high  speed.  The  State  Highway  Commission  of  Oregon 
has  devoted  a  great  deal  of  time  and  study  to  devising 
ways  and  means  for  building  smooth  pavements  of 
various  types.  It  is  axiomatic,  however,  that  no  matter 
how  smooth  pavements  may  be  when  originally  con- 
structed, they  eventually  become  rough.  Grade  settle- 
ments, slight  land  movements,  occasional  weakness  in 
foundations,  and  faults  in  drainage  all  tend  to  deform 
the  pavement.  Sooner  or  later,  therefore,  it  becomes 
necessary  to  patch  all  pavements.  Hence,  it  would 
seem  to  be  highly  desirable,  if  not  necessary,  to  develop 
a  technique  and  workmanship  resulting  in  smooth 
patches.  If  patches  are  smooth,  it  should  be  possible 
to  keep  pavements  in  good  condition,  if  not  indefinitely, 
at  least  over  long  periods  of  time. 

The  Oregon,  department  patches  all  pavements,  re- 
gardless of  type,  with  hot  asphaltic  concrete.  The 
patches  are  nonskid  in  character  and  feathered  to  paper 
thinness  at  the  edges.  Dark  asphaltic  concrete  patches 
on  portland  cement  concrete  pavements  are  objection- 
able to  some  extent,  but  they  are  few  in  number  during 
the  early  life  of  the  pavement  and  disfigure  it  less  than 
might  be  supposed. 

Portland  cement  concrete  pavements  are  made 
smooth  at  the  time  of  their  construction  by  means  of 
delayed  finishing;  that  is,  by  delaying  a  part  of  the 
finishing  until  the  shrinkage  incident  to  the  initial 
setting  of  the  concrete  has  taken  place,  and  by  the 
further  procedure  of  scraping  down  the  high  spots  with 
heavy  steed  scrapers  after  the  initial  set  has  occurred. 
Very  little  scraping  work  is  actually  performed,  how- 
ever, as  contractors,  in  order  to  avoid  the  expense  of  the 
scraping,  perform  the  preceding  finishing  operations 
with  the  utmost  care.  Scraping  is  objectionable  in 
that  it-  removes  the  broom  finish,  leaving  the  scraped 
area  smooth  and  less  nonskid;  but,  as  stated,  the  total 
area  soaped  is  very  small. 

After  extensive  trial,  the  Oregon  department  has 
abandoned  the  mudjack  as  a  means  of  pavement  repair, 
having  found  that  its  use  is  only  partially  satisfactory 
in  restoring  the  smoothness  of  the  surface  and  that  it 
results  in  much  breakage  of  slabs  into  small  sections 
which  tend  to  rock  and  move  under  traffic.  As  the 
portland  cement  concrete  pavements  become  progres- 
>t\cly  rougher,  the  asphaltic  concrete  patches  increase 
in  number  until  finally  they  constitute  a.  complete 
resurfacing,  with  the  concrete  pavement  serving  as  a 
base  for  an  asphaltic  concrete  top. 

Bituminous  pavements  constructed  in  Oregon  a 


two  types,  the  plant-mix  type  and  the  penetration  type. 
All  plant-mix  construction  is  of  high-type  asphaltic 
concrete  of  which  there  are  two  general  classes,  the 
minimum-void  or  closed-type  mixes,  and  the  open 
mixes.  It  is  the  theory  of  the  reporter  that  it  is  very 
difficult  to  maintain  a  permanently  nonskid  surface 
with  the  densely  graded  mixtures  for  the  reason  that 
there  are  practically  no  voids  for  the  asphalt  to  occupy 
under  the  influence  of  heat  and  the  constant  pounding 
of  traffic.  There  is,  therefore,  the  danger  of  free 
asphalt  exuding  upon  the  surface.  It  is  possible,  but 
rather  difficult,  to  avoid  this  by  a  rigid  control  of  the 
proportions  of  the  aggregate  and  the  percentage  of 
asphalt,  using  the  minimum  of  asphalt  requisite  to 
keep  the  mixture  sealed  and  to  prevent  raveling  in  cold 
or  wet  weather.  Very  good  results  have  been  obtained 
in  Oregon  by  exercising  this  rigid  control,  and  pave- 
ments 5  years  of  age  have  retained  the  nonskid  features 
required  for  safe  driving. 

The  seal  coat  is  eliminated  from  this  specification  and 
/2-inch  screenings  coated  with  2  percent  asphalt  cement 
are  rolled  into  the  surface  mixture,  while  it  is  still  warm, 
at  the  rate  of  approximately  5  pounds  per  square  yard. 
The  proportions  of  aggregate  and  asphalt  binder  illus- 
trating this  type  of  construction  are  as  follows: 

Aggregate:  Percent 

Passing  lJ4-inch  screen 100 

Passing  l)4-inch  and  retained  on  %-inch  screen 16-24 

Passing  %-inch  and  retained  on  J4-inch  screen 2-1-36 

Passing  '/4-inch  screen  and  retained  on  10-mesh  sieve.  12-20 

Passing  10-mesh  and  retained  on  200-mesh  sieve 20-28 

Passing  200-mesh  sieve 3-6 

Asphalt,  50-60  penetration 4.  5-6.  5 

The  open-type  mix  has  sufficient  voids  for  any  prob- 
able expansion  of  the  asphalt.  When  properly  con- 
structed, no  evidence  of  the  flushing  of  the  asphalt  to 
the  surface  has  been  noted.  This  construction  is  used 
as  a  wearing  course  only,  and  is  placed  upon  an  imper- 
vious, closed  mix  as  a  base.  The  grading  of  the  mate- 
rials and  the  percentage  of  asphalt  are  as  follows: 

Aggregate :  Percent 

Passing  %-inch  screen 100 

Passing  %-inch  and  retained  on  J^-inch  screen 45-55 

Passing  J4-inch  screen  and  retained  on  10-mesh  sieve 30-36 

Passing  10-mesh  and  retained  on  200-mesh  sieve 8-14 

Passing  200-mesh  sieve 0-2 

Cut-back  asphalt  (RC-4) 4-6 

In  closed  mixes,  an  asphaltic  cement  of  50-60  pene- 
tration is  employed.  In  open  mix,  a  heavy-grade  cut- 
back asphalt  known  as  RC-4  is  used,  in  which  asphalt 
of  80-120  penetration  is  cut  back  with  a  maximum  of 
15  percent  of  naphtha  as  determined  by  distillation  at 
680°  F.  All  types  of  asphaltic  concrete  mixtures  are 
laid  with  finishing  machines.  The  dense  mixtures  are 
laid  at  a  temperature  of  325°  F.  and  the  open  type  mix- 
tures at  temperatures  ranging  from  175  to  250°  F. 

In  the  early  practice  of  the  Oregon  State  Highway 
Commission,  some  rather  high-crowned  asphaltic  con- 
crete pavements,  16  feet  in  width,  were  constructed. 
These  pavements  were  covered  with  a  heavy  seal  coat 
of  asphaltic  cement  and  sand  and  they  became  very 
slippery  in  wet  weather.  It  therefore  became  neces- 
sary to  eliminate  this  very  definite  hazard.  The  first 
treatments  consisted  of  one  application  of  asphaltic 
cement  or  tar  followed  by  a  covering  of  stone  chips  or 
pea  gravel.  The  results  were,  on  the  whole,  mediocre. 
The  stone  tended  to  whip  off  the  high  spots,  producing 
a  surface  of  varying  texture.  Certain  areas  were 
covered  with  stone  chips  or  pea  gravel,  affording  a 
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nonskid  texture,  while  other  areas  were  entirely  hare 
of  screenings  and  therefore  slippery.  It  was  finally 
found  necessary  to  plane  off  the  excess  of  asphalt  from 
the  surface  of  the  old  pavement.  The  asphalt  and 
fine  mineral  material  had  accumulated  in  humps  and 
in  certain  cases  had  formed  rhythmic  corrugations. 

The  planing  machine  consisted  of  a  heavy  trailer  of 
long  whcelbase,  carrying  adjustable  chisel-like  cutting 
edges,  pulled  by  a  60-horsepower  crawler-tread  tractor. 
The  chisels  were  kept  sharp  and  not  only  cut  oil"  the 
asphalt-sand  mastic,  but  also  sheared  through  the 
stones  in  the  underlying  mix.  Repeated  trips  with  the 
planer  not  only  removed  the  excess  of  asphalt  but  also 
produced  a  very  smooth-riding  surface.  The  removal 
of  the  excess  of  asphalt  eliminated  any  chance  of  its 
being  drawn  up  into  the  new  wearing  course.  Upon 
the  planed  surface  was  constructed,  by  the  penetration 
method,  a  wearing  course  approximately  1%  inches  in 
thickness.  Stone  of  maximum  1%-inch  size  was  used. 
The  asphalt  content  was  held  to  the  minimum  and 
excellent  results  were  obtained.  Surfaces  treated  in 
this  manner  some  8  years  ago  arc  practically  as  skid- 
resistant  as  when  first  constructed. 

Probably  the  most  uniform  nonskid  texture  pave- 
ment laid  in  the  State  of  Oregon  is  the  penetration 
macadam  type.  The  base  stone,  of  2^-inch  to  1%-inch 
size,  is  penetrated  by  hot  asphaltic  cement  and  covered 
with  stone  ranging  from  1%  inches  to  %  inch  in  size. 
This  stone  is  carefully  leveled  by  long-wheelbase  motor 
graders.  After  the  second  application  of  asphaltic  ce- 
ment, the  bituminous  macadam  is  keyed  with  %-  to 


'•J-inch  stone 


This  is  followed  by  the  first  seal  coat 
using  %  to  %-inch  and  %-inch  minus  cover  stone. 
Traffic  is  turned  onto  the  pavement  4  or  5  days  before 
the  application  of  the  second  seal  coat,  after  which  the 
surface  is  thoroughly  swept  and  the  second  seal  employ- 
ing the  same  size  of  aggregate  is  placed.  This  method 
effectively  seals  the  penetration  macadam  against  the 
admission  of  moisture.  Hot  asphaltic  cement  of  120- 
150  penetration,  heated  to  a  temperature  of  425°  F., 
is  used  in  all  cases  with  the  exception  of  the  last  seal 
coat.  A  water-soap  solution,  in  the  amount  of  10 
percent  of  the  hot  asphalt  by  volume,  is  added  through 
separate  openings  in  the  spray  nozzles.  The  temporary 
emulsion  formed  covers  the  stone  thoroughly.  Either 
cut-back  asphalt  or  emulsified  asphalt  is  used  for  the 
second  seal  coat. 

The  surface  texture  of  this  type  of  pavement  is  some- 
what coarser  than  a  sandpaper  finish,  the  K-inch  stone 
and  some  of  the  '4-inch  stone  being  present  in  the  sur- 
face. The  voids  in  the  base  stone  act  as  a  reservoir 
to  absorb  excessive  asphalt  in  hot  weather  with  the 
result  that  this  type  of  pavement  seldom  bleeds  and 
remains  remarkably  uniform  in  texture  throughout  the 
years.  Oregon  has  had  about  10  years'  experience 
with  this  type  of  surfacing.  In  all,  2  gallons  per 
square  yard  of  bituminous  cement,  including  the  cut- 
back or  emulsion,  are  required.  The  total  aggregate 
used  amounts  to  0.111  cubic  yards  per  square  yard. 
Each  course  of  the  pavement  is  thoroughly  rolled  with 
10-ton,  3-wheeled  rollers. 


B.  PROPERTY  OF  REFLECTING  OR  ABSORBING  LIGHT  (UNDER  ARTIFICIAL  LIGHTING) 


In  view  of  the  fact  that  consideration  is  now  being 
given  to  the  artificial  lighting  of  certain  sections  of 
rural  highways  in  the  United  States  to  eliminate  the 
hazards  of  night  driving,  information  concerning  the 
quality  of  road  surfaces  in  respect  to  (heir  ability  to 
reflect  or  absorb  light  is  important.  Moreover,  since 
the  majority  of  rural  highways  will,  in  all  probability, 
remain  unlighted  on  account  of  the  expense,  it  is  of 
prime  importance  that  those  properties  of  road  surfaces 
which  minimize  the  glare  of  approaching  headlights, 
particularly  on  rainy  nights,  shall  he  carefully  studied. 

The  reporter  has  endeavored  unsuccessfully  to 
obtain  through  published  articles  data  relating  to 
visibility  and  glare  in  connection  with  the  various  types 
of  pavement  surface.  Apparently  few  data  of  this 
kind  have  been  assembled  in  the  United  States  up  to 
the  present  time.  Accordingly  a  series  of  experiments 
of  limited  scope  was  undertaken  by  G.  S.  Paxson, 
Bridge  Engineer,  and  J.  D.  Everson,  Designer,  both  of 
the  Oregon  State  Highway  Department.  The  charac- 
ter of  the  equipment  and  the  time  available  prevented 
any  exhaustive  study,  but  the  results  obtained  give  at 
least  qualitatively  a  comparison  between  the  various 
pavement  surfaces  examined. 

DESCRIPTION   OF  INVESTIGATION 

Investigations  were  made  to  determine  the  light- 
reilecting  properties  of  various  types  of  pavements 
under  artificial  lighting  conditions  and  to  measure  the 
reflection  or  glare  from  approaching  headlights  under 
both  wet  and  dry  conditions.  Investigations  to 
determine  light-reflecting  properties  under  artificial 
lighting  conditions  were  made  on  7  different  types  of 
pavement  as  follows: 

82642—38 2 


1.  A  new  concrete  pavement  completed  and  cured 
but  not  yet  opened  to  travel.  This  pavement  is  broom- 
finished.  The  grooves  are  between  ){6  and  )i  inch  in 
depth,  running  transversely  to  the  pavement.  Dupli- 
cate tests  were  made  with  the  incident  light  across  the 
grooves  as  would  be  the  case  in  normal  lighting  and 
with  the  incident  light  parallel  to  the  grooves  simu- 
lating a  pavement  broom-finished  parallel  to  the 
highway  center  line.  These  two  conditions  are  referred 
to  in  the  accompanying  charts  as  "new  concrete, 
parallel  with  grooves"  and  "new  concrete  across 
grooves,"  respectively. 

2.  A  concrete  pavement  that  has  been  in  use  18 
years.  This  pavement  was  constructed  with  a  smooth 
surface  and  has  been  considerably  stained  and  dis- 
colored by  oil  during  service.  The  pavement  is  called 
"old  concrete"  in  the  accompanying  figures. 

3.  A  section  of  old  asphaltic  concrete  pavement  quite 
rich  in  asphalt  and  showing  no  aggregate  on  the  surface. 
This  pavement  is  called  "plain  asphalt"  in  the  accom- 
panying figures. 

4.  An  asphaltic  concrete  pavement  that  has  been  in 
service  15  years.  The  surface  is  quite  smooth,  but  over 
at  least  30  percent  of  the  surface  small  aggregate  par- 
ticles protrude  above  the  shiny  asphalt  finish.  This 
pavement  is  called  "worn  asphalt"  in  the  accompanying 
figures. 

5.  A  modern  asphaltic  concrete  wearing  surface  of 
the  "closed  type"  as  described  in  the  first  section  of  this 
report.  This  pavement  is  3  years  old  and  is  called 
"closed-type  asphaltic  concrete"  in  the  accompanying 
figures. 

6.  An  asphaltic  concrete  pavement  of  the  "open  type" 
as  described  in  the  first  section  of  this  report.     This 
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LIGHT    SOORCE    AT    45°  TO    PAVEMENT    SURFACE 

REFLECTION    IN   PLANE    OF    INCIDENT     LIGHT 

DRY    PAVEMENT     SURFACES 


LIGHT     SOURCE    AT    45"  TO    PAVEMENT    SURFACE 
REFLECTION     IN     PLANE    OF     INCIDENT    LIGHT 
WET     PAVEMENT     SURFACES 

Figure  3. —  Luminosity  of  Various  Types  of  Road  Surfaces 
When  Dry  and  When  Wet,  for  Light  Source  at  45°  to 
Pavement  Surface. 

pavement  is  1  year  old  and  is  called  "open  type  as- 
phaltic  concrete"  in  the  accompanying  figures. 

7.  A  section  of  bituminous  macadam  in  service  about 
1  year.  The  surface  of  this  pavement  is  composed  of 
stone  chips  from  %  to  }{  inch  in  size  which  project  above 
the  body  of  the  pavement  about  Jjj  inch.  This  pave- 
ment is  called  "bituminous  macadam"  in  the  accom- 
panying figures. 

In  fixed  highway  lighting  the  fixtures  are  suspended 
above  the  roadway  surface  at  a  considerable  height,  and 
the  angle  at  which  the  light  strikes  the  surface  is  con- 
trolled by  the  fixture.  With  a  mounting  height  of  30 
feet  and  200  feet  between  lights,  the  flattest  angle  will 
be  about  17°,  assuming  that  each  light  illuminates  the 
surface  halfway  to  the  adjoining  light.  To  simulate 
these  conditions,  measurements  of  the  reflected  light 
were  made  with  an  incident  angle  of  45°  and  with  an 
incident  angle  of  17°.  The  light  source  was  a  6-volt 
incandescent  light  mounted  upon  a  tripod  so  that  the 
angle  between  the  light  beam  and  the  pavement  surface 
could  be  accurately  determined.  The  intensity  of  the 
light  was  controlled  by  a  rheostat  and  voltmeter  so  that 
it  was  kept  constant  during  the  entire  series  of  tests. 

Reflection  readings  from  the  pavement  surface,  meas- 
uring the  relative  intensity  of  the  light,  were  taken  with 


a  photometer  attached  to  an  arm  which  kept  it  at  a 
constant  distance  from  the  point  of  reflection  on  the 
pavement  surface.  The  intensity  was  measured  in 
foot-candles.  The  angle  which  the  axis  of  the  photome- 
ter made  with  the  pavement  was  measured  on  a  dial 
attached  to  the  frame  supporting  the  photometer  arm. 
The  angle  of  incident  light  was  kept  constant  and  the 
intensity  of  the  reflection  was  measured  at  each  15° 
around  the  semicircular  arc.  Readings  were  taken  in 
the  plane  of  the  incident  light. 

Readings  were  first  taken  on  the  pavement  surfaces 
when  dry.  The  surfaces  were  then  artificially  wetted 
to  simulate  conditions  during  a  rain,  and  the  readings 
repeated. 

RESULTS  OF  THE  INVESTIGATIONS 

The  results  obtained  with  the  light  at  an  angle  of 
45°  are  shown  in  figure  3.  Those  above  are  for  dry 
surfaces  and  those  below  are  for  the  same  surfaces 
when  wet.  It  is  interesting  to  note  the  regularity  of 
the  curves  for  dry  pavement  which  show  almost  com- 
plete absence  of  specular  reflection  or  glare  except  for 
the  three  smooth  pavements  investigated.  These  were 
the  old  concrete,  worn  asphalt,  and  plain  asphalt.  In 
addition,  the  closed-type  asphaltic  concrete,  which  is  a 
relatively  nonskid  pavement,  shows  a  decided  bidge  in 
the  curve  of  readings  taken  for  dry  pavement.  The 
curves  for  these  pavements  show  a  noticeable  bulge  in 
the  direction  of  the  line  of  specular  reflection. 

The  difference  between  the  luminosity  of  the  dry 
Portland  cement  concrete  pavement  and  the  dry  as- 
phaltic concrete  pavement  is  quite  noticeable.  The  new 
Portland  cement  concrete  pavements  show  about  4  times 
the  luminosity  of  the  asphaltic  concrete  pavements, 
while  the  old  concrete  pavements  show  about  twice  the 
luminosity.  The  rough  and  irregular  bituminous  ma- 
cadam surface  shows  the  property  of  being  more  highly 
luminous  in  the  direction  of  the  incident  light  than  it 
is  away  from  it. 

These  surfaces  were  then  wetted  and  tested,  other 
conditions  remaining  constant.  The  characteristics  of 
the  pavement  have  entirely  changed  and  a  great  amount 
of  specular  reflection  or  glare  is  apparent.  It  will  be 
noted  that  the  new  smooth  pavements  give  from  4  to 
10  times  the  intensity  of  glare  produced  by  the  rough- 
textured  pavements. 

The  comparison  of  the  two  sets  of  curves  shows  that 
the  luminosity  of  the  pavements,  except  on  the  line  of 
specular  reflection,  is  one-half  or  less  when  wet.  than 
when  dry;  moreover,  that  in  the  case  of  plain  asphalt 
or  worn  asphalt  pavements  there  is  practically  no 
luminosity  outside  of  the  glare.  This  is  supported  by 
driving  experience  which  discloses  that  the  pavement 
appears  very  bright  directly  in  the  line  of  light  sources 
but  practically  black  at  any  other  angle.  It  will  be 
noted  that  while  the  luminosity  of  dry  bituminous 
macadam  pavement  is  only  about  one-fourth  that  of 
the  new  concrete,  the  glare,  when  wet,  is  less  than  one- 
sixth  as  great. 

Figure  4  shows  the  reflection  readings  on  dry  and 
wet  pavements  with  the  angle  of  incident  light  at  17° 
with  the  pavement  surface  and  with  the  readings  taken 
in  the  plane  of  incident  light.  It  should  be  noted  that 
as  the  angle  of  incident  light  decreases,  the  glare  in- 
creases with  all  types  of  pavement,  wet  or  dry. 

As  in  the  preceding  figures,  the  luminosity  of  the  dry 
Portland  cement  concrete  pavement  is  from  2  to  4 
times  that  of  dry  asphaltic  concrete  types.     The  spec- 
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Figure  4. — Luminosity  of  Various  Types  of  Road  Surfaces 
When  Dry  and  When  Wet,  for  Light  Source  at  17°  to 
Pavement  Surface. 

ular  reflection  or  glare  from  the  plain  asphalt  and  worn 
asphalt  types,  when  dry,  is  from  2  to  3  times  that  of 
the  luminosity  in  other  directions.  The  reflection  from 
concrete  pavements,  when  wet,  is  4  to  8  times  the  lu- 
minosity of  these  same  pavements  when  dry.  Bitu- 
minous macadam,  when  dry,  shows  practically  no  glare 
at  all. 

An  examination  of  the  lower  part  of  figure  4  shows 
that  none  of  the  pavements  has  an  appreciable  lumi- 
nosity when  wet  and  that  all  but  the  bituminous  mac- 
adam evidence  some  glare.  An  interesting  point  in 
this  study  is  the  decreased  glare  from  portland  cement 
concrete  pavements  when  the  light  is  across  the  grooves 
as  compared  with  the  same  pavement  when  the  light  is 
parallel  to  the  grooves. 

From  this  study,  it  appears  that  under  dry  condi- 
tions, new,  clean  portland  cement  concrete  pavements 
are  more  easily  lighted  than  any  of  the  darker  asphaltic 
types.  This  is  undoubtedly  due  to  the  light  color  of 
the  portland  cement  concrete  pavement.  The  rough 
open-textured  bituminous  macadam  surface  produces 
the  least  glare  when  wet. 

It  was  noted  during  the  experiment  simulating  rain 
that  the  smooth  pavements  were  covered  by  a  prac- 
tically continuous  sheet  of  water.  Even  the  new  con- 
crete with  its  shallow  broom  marks  became  completely 


flooded.  The  high  surface  tension  resulting  from  the 
small  diameter  of  the  grooves  prevented  the  rapid  run- 
off of  the  water.  This  suggests  the  formation  of  deeper, 
wider  grooves  in  concrete  pavement  to  afford  quick  run- 
off. The  irregularities  in  the  surface  of  bituminous 
macadam  and  new-type  asphaltic  concrete  afford  fis- 
sures or  channels  wide  and  deep  enough  to  minimize  the 
surface  tension  of  the  particles  of  water.  Such  surfaces 
are  seldom  entirely  flooded  and  the  stone  chips  project- 
ing above  the  water  surface  break  up  the  reflection  and 
greatly  reduce  the  glare.  It  is  thus  apparent  that  the 
glare  is  caused  in  the  main  by  the  reflection  of  the  light 
from  the  sheet  of  water  acting  as  a  mirror  Means 
should  be  provided  for  constructing  all  types  of  pave- 
ment so  as  to  afford  rapid  run-off  of  surface  water. 
This  is  easily  accomplished  by  the  standard  methods 
of  building  penetration  macadam  and  the  open-textured 
asphaltic  concrete  of  the  present  day. 
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percentage  of  intensity  of  illumination 
due  to  surface  reflection 

Figure  5. — Percentage  of  Intensity  of  Illumination  Due 
to  Surface  Reflection  for  Various  Types  of  Road 
Surfaces. 

There  is  room  for  improvement  in  portland  cement 
concrete  pavements  and  it  is  suggested  that  considera- 
tion be  given  to  the  scratching  of  grooves  approximately 
%  inch  in  depth  1  inch  apart,  transversely  across  the 
pavement  surface,  while  the  concrete  is  still  green. 

investigation  of  headlight  glare 

In  this  part  of  the  investigation,  a  1937  model  auto- 
mobile with  the  headlights  in  the  depressed  or  dim  posi- 
tion was  used  as  the  light  source.  In  this  position  the 
center  of  the  light  beam  struck  the  pavement  approxi- 
mately 65  feet  from  the  light.  Readings  of  the  intensity 
of  the  light  at  double  this  distance,  or  130  feet,  at  the 
same  elevation  as  the  headlights,  were  taken  with  a 
photometer.  A  screen  was  then  placed  in  the  proper 
position  so  as  to  allow  only  the  reflected  light  to  reach 
the  photometer.  This  eliminated  the  direct  light  from 
the  headlights  but  measured  the  specidar  reflection  or 
glare  from  the  pavement  surface. 

The  same  pavement  types  previously  described  were 
tested,  except  that  an  mi  treated  gravel  macadam  surface 
was  added  and  the  plain  asphalt  type  was  eliminated. 

Figure  5  represents  graphically  the  percentage  of  the 
total  light  reaching  the  photometer  which  was  reflected 
(Continued  on  page  121) 


STUDY  OF  ROAD  SUBSOILS 


(A)  DETERMINATION  OF  PROPERTIES  OF  SUBSOILS,  TESTING  METHODS,  EQUIPMENT;  (B)  INFLUENCE  OF 
THESE  PROPERTIES  ON  ROAD  CONSTRUCTION  (BASE  AND  SURFACE)  AND  ON  ROAD  MAINTENANCE 

By  C.  A.  HOGENTOGLER,  Senior  Highway  Engineer,  United  States  Bureau  of  Public  Roads,  Principal  Reporter 


A  STUDY  of  road  subsoils  is  made  quite  generally 
by  the  individual  highway  departments  of  the 
United  States  in  connection  with  the  design, 
construction,  and  maintenance  of  their  highway  sys- 
tems. The  experience  of  the  United  States  Bureau 
of  Public  Roads  since  the  inception  of  its  soil  research 
program  in  1920,  supplemented  by  numerous  contri- 
butions from  other  soil  investigators  in  the  highway 
field,  has  disclosed  three  major  fields  in  which  soil 
information  and  studies  have  distinct  economic  value. 
They  are:  (1)  The  use  of  the  subgrade  survey  and  the 
classification  of  soils  into  groups  based  on  performance, 
(2)  the  construction  of  "stabilized"  road  surface  and 
base  courses,  and  (3)  the  construction  of  highway 
embankments. 

SUBGRADE  SURVEY  AND  SOIL  GROUPING 

The  subgrade  survey  furnishes  information  which 
assists  in  locating  the  road,  selecting  the  most  satis- 
factory type  of  surface  and  eliminating  conditions  likely 
detrimentally  to  affect  the  serviceability  of  the  pave- 
ment. 

Examinations  of  the  soil  in  its  natural  field  condition, 
in  excavations  or  road  cuts  or,  more  commonly,  by 
means  of  a  soil  auger,  are  made  at  intervals  close 
enough  to  determine  the  soil  type  and  to  depths  suffi- 
cient to  penetrate  the  more-or-less  nonuniform  layers 
of  soil  or  soil  material. 

Representative  samples  obtained  as  part  of  the  sub- 
grade  survey  are  tested  in  the  laboratory  to  determine 
their  physical  properties. 

Tbe  principal  laboratory  determinations  used  in 
the  classification  of  subgrade  soils  are  the  mechanical 
analysis,  and  the  plasticity,  shrinkage,  and  moisture 
equivalent  tests. 

Procedures  for  these  determinations1  and  for  the 
surveying  and  sampling  of  soils  2  have  been  published 
by  the  American  Association  of  State  Highway  Officials. 

The  groups  into  which  subgrade  soils  have  been 
tentatively  arranged,  are  described  briefly  as  follows: 

Group  A-l. — Well-graded  material,  coarse  and  fine; 
excellent  binder.  Highly  stable  under  wheel  loads 
irrespective  of  moisture  conditions.  Excellent  surface 
course;  excellent  base  course,  provided  plasticity  index 
is  not  greater  than  0 ;  excellent  subgrade  for  pavements 
of  both  flexible  and  rigid  types;  excellent  fill  material. 

Group  A-2. — Coarse  and  fine  materials,  improper 
grading  or  inferior  binder.  Highly  stable  when  damp. 
Friable  varieties  become  loose  and  dusty  in  long- 
continued  dry  weather.  Plastic  varieties  likely  to 
soften  at  high  water  content  caused  either  by  rains  or 
by  capillary  rise  from  saturated  lower  strata  when  an 
impervious  cover  prevents  evaporation  from  the  top 
layer.     Satisfactory    subgrade    for    both    flexible    and 

>  Methods  T-87,  T-88,  T-89,  T-90,  T-91,  T-92,  T-93,  and  T-99.    Standard  Speci- 
fications for  Highway  Materials  and  Methods  of  Sampling  and  Testing     Ami 
Association  of  State  Highway  Officials.    Washington,  D.  C,  1935. 

2  Standard  Method  of  Surveying  and  Sampling  Soils  for  Use  in  Place  as  Suhgrades 
for  Highways.  Method  T-86,  Standard  Specifications  for  Highway  Material  md 
Methods  of  Sampling  and  Testing.  American  Association  of  State  Hiirhwav  offi- 
cials, Washington,  D.  C,  1935. 
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rigid  pavements  under  well-drained  conditions.  Satis- 
factory fill  material. 

Group  AS. — Coarse  material  only,  no  binder. 
Lacks  stability  under  wheel  loads,  but  is  rarely  affected 
by  moisture  conditions.  Not  likely  to  heave  because 
of  frost  nor  to  shrink  or  expand  in  appreciable  amount. 
Furnishes  excellent  support  for  flexible  pavements  of 
moderate  thickness  and  for  relatively  thin  rigid  pave- 
ments. Excellent  fill  material  if  protected  from 
erosion. 

Group  A~4- — Silt  soils  without  coarse  materials  and 
with  no  appreciable  amount  of  sticky  colloidal  clay. 
Has  a  tendency  to  absorb  water  very  readily  in  quanti- 
ties sufficient  to  cause  rapid  loss  of  stability  even  when 
not  manipulated.  When  dry  or  damp,  presents  a 
firm  riding  surface  which  rebounds  but  very  little  upon 
the  removal  of  load.  May  cause  cracking  in  rigid 
pavements  due  to  frost  heave  and  failure  in  flexible 
pavements  because  of  low  supporting  value.  Not 
satisfactory  for  surface  or  base  course.  Generally 
satisfactory  for  subgrade  or  fill  material  under  con- 
trolled conditions. 

Group  A-5. — Similar  to  Group  A-4,  but  furnishes 
highly  elastic  supporting  surfaces  with  appreciable 
rebound  upon  removal  of  load  even  when  dry.  Elastic 
properties  interfere  with  proper  compaction  of  macad- 
ams during  construction  and  with  retention  of  good 
bond  afterwards. 

Group  A-G. — Clay  soils  without  coarse  material. 
In  stiff  or  soft  plastic  state  absorb  water  only  if  manip- 
ulated. May  then  change  to  liquid  state  and  work 
up  into  the  interstices  of  macadams  or  cause  failure 
due  to  sliding  in  high  fills.  Furnish  firm  support 
essential  in  properly  compacting  macadams  only  at 
stiff  consistency.  Deformations  occur  slowly  and 
removal  of  load  causes  very  little  rebound.  Shrinkage 
properties  combined  with  alternate  wetting  and  drying 
under  field  conditions  are  likely  to  cause  cracking  in 
rigid  pavements. 

Group  A-7. — Similar  to  Group  A-6,  but  at  certain 
moisture  contents  deforms  quickly  under  load  and  re- 
bounds appreciably  on  removal  of  loads,  as  do  sub- 
grades  of  Group  A-5.  Alternate  wetting  and  drying 
under  field  conditions  leads  to  even  more  detrimental 
volume  changes  than  in  Group  A-6  subgrades.  May 
cause  concrete  pavements  to  crack  before  setting  and 
to  crack  and  fault  afterwards. 

Group  A-8. — Very  soft  peat  and  muck  incapable  of 
supporting  a  road  surface  without  being  previously 
compacted. 

The  test  data  limits  which  identify  soils  of  the  differ- 
ent groups  have  been  discussed  elsewhere.3 

Subdivisions  of  Groups  A-5,  A-6,  A-7,  and  A-8. — All 
varieties  of  Groups  A-5,  A-6,  A-7,  and  A-8  are  un- 
suitable for  surface  or  base  courses.  Soils  of  these 
groups  having  liquid  limits  of  45  or  less  are  suitable  for 

3  Subgrade  Soil  Constants,  their  Significance  and  their  Application  in  Practice, 
part  II.  A  discussion  of  the  Soil  Constants  and  the  Soil  Identification  Chart.  C.  A. 
Hogentogler,  A.  M.  Wintennycr,  K.  A.  Willis,  Public  Roads,  vol.  12,  No.  4,  June 
1931. 
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subgrade  and  lill  material  under  controlled  conditions. 
Soils  of  these  groups  having  liquid  limits  greater  than 
45,  but  not  greater  than  (if),  are  poor  materials  for  sub- 
grades  or  fills  and  should  be  used  only  under  rigidly 
controlled  conditions  of  moisture  content  and  compac- 
tion. Soils  of  these  groups  having  liquid  limits  greater 
than  (if)  are  unsuitable  for  subgrade  and  lill  construction. 

STABILIZED  ROAD  SURFACE  AND  BASE  COURSES 

Thousands  of  miles  of  "stabilized"  road  surface  and 
base  courses  have  been  built  in  the  United  States  with 
results  which  justify  the  continuance  of  this  type  of 
construction. 

The  methods  of  soil  stabilization  utilized  depend  on 
the  materials  locally  available.  In  some  locations, 
such  as  the  southeastern  part  of  the  United  States, 
nature  provided  deposits  of  sand-clay  and  top  soil 
having  the  grading  and  character  required  in  the  best 
of  soil  roads  or  base  courses. 

In  other  locations,  binder  soils  and  aggregates  are 
available  for  producing  mixtures  having  the  properties 
of  the  best  naturally  good  soils.  At  times  materials 
are  available  for  the  gradations  required  in  roads,  but 
the  binder  soil  may  be  of  inferior  quality.  Finally, 
there  are  locations  where  there  is  a  deficiency  of  the 
aggregate  required  for  properly  graded  mixtures. 

Studies  of  the  best  natural  road  soils  have  indicated 
that  the  design  requirements  of  stable  soil  mixtures 
should  include  the  following: 

1.  The  aggregate  should  be  hard  and  durable  enough 
to  resist  weathering,  traffic  abrasion,  and  crushing. 
Sound,  tough  particles  or  fragments  of  gravel,  stone, 
slag,  or  combinations  of  them,  crushed  to  the  proper 
size,  should  prove  suitable.  Certain  types  of  shales 
and  similar  materials  that  break  and  weather  rapidly 
when  alternately  frozen  and  thawed,  or  wetted  and 
dried,  should  not  be  used. 

2.  The  binder  material  of  the  soil,  known  as  lines, 
should  be  of  a  character  such  as  to  provide  graded 
mixtures  with  the  proper  balance  of  capillarity  and 
adhesion  without  risk  of  detrimental  volume  change. 
It  is  particularly  essential  that  the  fines  do  not  swell 
enough  in  the  presence  of  moisture  to  cause  the  clay 
to  become  a  lubricant  instead  of  a  binder. 

3.  When  local  materials  are  available  for  the  proper 
proportioning  of  aggregate  and  binder  soil,  but  the 
natural  clay  does  not  have  the  binder  value  required  in 
highly  stable  road  surfaces,  a  number  of  admixtures  may 
be  used  singly  or  in  some  combination.  There  are. 
first,  the  chemical  salts,  calcium  chloride,  sodium 
chloride,  and  magnesium  chloride;  and  second,  the  waste 
products  of  industry,  such  as  sulfite  liquor  from  the 
manufacture  of  wood  pulp,  sucrate  liquor  from  the 
molasses  industry,  and  huge  accumulations  of  waste 
sizes  of  the  mineral  aggregate  industry. 

4.  When  only  fine  or  poorly  graded  materials  are 
available,  the  asphaltic,  tar,  and  portland  cement 
binders  may  be  utilized  to  provide  stable  base  courses  to 
be  covered  with  bituminous  surfacings.  In  isolated 
cases,  clay  soils  have  been  heated  to  high  temperatures 
by  specially  constructed  furnaces  which  are  moved 
slowly  over  the  locations  to  be  improved. 

GRADED   SOIL    MIXTURES 

The  suitability  of  graded  mixtures  has  been  de- 
termined by  means  of  sieve  analysis  of  the  aggregate 
retained  on  the  No.  10  sieve,  combined  sieve  and 
hydrometer  analysis  (Method  T-88,  A.  A.  S.  H.  O.)  of 


the  fraction  passing  the  No.  10  sieve,  and  the  plasticity 
tests  (Methods  T  89,  T  90,  T  91,  A.  A.  S.  II.  <).)  per- 
formed on  the  fraction  of  the  material  passing  the  No. 
40  sieve,  an  effort  being  made  to  combine  materials  in 
such  quantities  that  the  resulting  mixture  will  conform 
to  the  requirements  of  stabilized  road  surfaces  or  bases. 
Specifications  proposed  to  the  American  Association 
of  State  Highway  Officials  for  both  surface  and  base 
course  materials  contain  essential  requirements  as 
follows: 

1.  Surface  course. 

Type  A. — Sand-clay  mortar. 

Passing —  Percentage  by  u  eight 

1-inch  sieve 100 

No.  10  sieve 05  100 

The  material  passing  the  No.   10  sieve  should  have 
gra dings  as  follows: 

Passing —  Percentage  by  weight 

No.  10  sieve 100 

No.  20  sieve 55-90 

No.  40  sieve 35-70 

No.  200  sieve 8-25 

Type  B. — Coarse  graded  aggregate. 

Passing —  Percentage  by  weight 

1-inch  sieve 100 

%-inch  sieve 85-100 

%-inch  sieve 05-100 

No.  4  sieve 55  85 

No.  10  sieve 40-70 

No.  40  sieve 25-45 

No.  200  sieve 10-25 

Type  C. — Crusher  run  materials. 
Passing —  Percentage  by  weight 

%-inch  sieve 100 

No.  4  sieve 70-100 

No.  10  sieve 35-80 

No.  40  sieve 25-50 

No.  200  sieve 8-25 

The  fractions  of  surface  course  materials,  A,  B,  and 
C,  passing  the  No.  200  sieve  should  be  less  than  %  of 
the  fraction  passing  the  No.  40  sieve.  The  fraction 
passing  the  No.  40  sieve  should  have  a  liquid  limit  not 
greater  than  35  and  a  plasticity  index  not  less  than  4 
nor  more  than  9. 
2.  Base  course. 


Type  A. — Sand -clay. 


Passing —  Percentage  by  weight 

No.  10  sieve 100 

No.  20  sieve 55  90 

No.  40  sieve .   35-70 

No.  200  sieve..  8  25 

-Coarse  graded   aggregate. 


Types   B-l    and   B-2. 
(See  table  1.) 


Table  1. — Grading  of  base  course  aggregates,  types  B-l  and  li 


Passing— 

B-l 

1-inch 

maximum 

size 

B-2 

2-iuch 
maximum 

size 

Percent  ' 

Percent  ' 
100 

1  i-i-inch  sieve                                                  ...     --- 

70-100 

l(ii) 
70-100 
50    80 
35    65 
25-  50 
15-  30 
5     15 

55-  85 

?4-inch  sieve 

50-  SO 

?s-inch  sieve- 

■in-  Til 

In     l,n 

Nii.  10  sieve                                                          .  -  - 

20-  .r>o 

10-  .in 

No.  200  sieve 

:,     15 

'  By  weight. 
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The  fraction  of  base  course  materials,  A,  B,  and  C, 
passing  the  No.  200  mesh  sieve  should  be  less  than  }£  of 
the  fraction  passing  the  No.  40  sieve.  The  fraction 
passing  the  No.  40  sieve  should  have  a  liquid  limit  not 
greater  than  25  and  a  plasticity  index  not  greater  than  6. 
Type  O — Crusher-run  materials. 

Passing —  Percentage  by  weight 

%-inch  sieve 100 

No.  4  sieve 70-100 

No.  10  sieve 35-  80 

No.  40  sieve 25-  50 

No.  200  sieve 8-  25 

STANDARD  METHOD  OF  TEST  FOR  DENSITY  OF  SOIL 

In  stabilizing  fine  grained  soils  with  an  adhesive 
binder  such  as  portland  cement  or  bituminous  material, 
it  is  necessary  to  compact  them  to  high  density.  This 
is  best  accomplished  at  a  definite  moisture  content, 
known  as  the  optimum,  for  each  mixture.  The  test 
used  to  determine  the  optimum  moisture  content  is 
known  as  the  density  test 4  and  is  described  as  follows: 

1.  Apparatus. — The  apparatus  shall  consist  of  the 
following:  A  cylindrical  metal  mold,  known  as  the 
density  or  Proctor  cylinder,  approximately  4  inches  in 
diameter  and  4^  inches  in  height  and  having  a  capacity 
of  )io  cubic  foot.  This  mold  is  fitted  with  a  detachable 
base  plate  and  a  removable  extension  approximately 
2%  inches  in  height. 

A  metal  tamper  having  a  striking  face  2  inches  in 
diameter  and  weighing  5%  pounds. 

A  steel  straightedge  12  inches  long. 

A  scale  of  25-pound  capacity  sensitive  to  Xoo  of  a 
pound. 

A  100-gram  capacity  balance  sensitive  to  }{0  gram. 

A  suitable  drying  oven. 

Miscellaneous  equipment  including  porcelain  dishes 
for  moisture  determinations,  beakers,  etc. 

2.  Sample. — A  6-pound  sample,  air  dried  to  slightly 
damp  condition,  shall  be  taken  from  a  portion  of  the 
material  passing  the  No.  4  sieve. 

3.  Procedure. — The  sample  is  thoroughly  mixed  and 
compacted  hi  the  cylinder  in  3  equal  layers,  each  layer 
receiving  25  blows  from  the  tamper  winch  is  dropped 
from  a  height  of  1  foot  above  the  soil.  The  soil  is  then 
struck  oft"  to  the  level  of  the  cylinder  and  the  weight 
determined.  A  small  sample  of  the  compacted  soil  is 
oven  dried  to  determine  the  moisture  content.  The  soil 
is  removed  from  the  cylinder  and  broken  up  until  it  will 
pass  a  No.  4  sieve,  water  is  added,  and  the  above  pro- 
cedure is  repeated.  This  series  of  determinations  is 
continued  until  the  soil  becomes  very  wet  and  there  is  a 
substantial  decrease  in  the  wet  weight  of  the  compacted 
soil. 

4.  Calculations. — The  moistures  shall  be  computed 
by  means  of  the  following  formula: 


Percent  moisture  = 


weight  of  water 


weight  of  oven  dried  soil 


X100 


The  dry  weight  shall  be  computed  by  means  of  the 
following  formula: 


Dry  weight: 


wet  weight  in  pounds  per  cubic  foot 
percent  of  moisture  + 100 


X100 


The  results  of  the  compaction  test,  corrected  for 
weight  of  moisture  and  expressed  as  pounds  of  diy  soil 
per   cubic   foot,    are   plotted   against   their   respective 
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moisture  contents  and  a  smooth  curve  drawn  through 
the  resulting  points.  The  peak  of  the  curve  represents 
the  maximum  density  for  the  given  material  under  the 
above  compaction.  The  percentage  of  wrater  at  which 
maximum  density  is  attained  is  termed  the  optimum 
moisture  content. 
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WEIGHT   OF  DRY  SOIL- 
POUNDS   PER  CUBIC   FOOT 

Moisture-Density  Curve  Showing  Typical  Result  of  Soil 
Density  Test. 

stabilization  with  portland  cement 

Soils. — The  soils  for  this  work  consist  of  the  material 
in  the  subgrade  within  the  lines,  grades,  and  cross 
sections  indicated  on  the  plans,  except  as  otherwise 
designated  by  the  engineer.  Soils  are  sampled  and 
tested  in  accordance  with  the  requirements  of  the  A.  A. 
S.  H.  O.  methods  T-86  to  T-94,  inclusive.  Soils  having 
characteristics  which  wall  make  pulverization  and  mix- 
ing with  cement  extremely  difficult  are  removed  and 
replaced  with  suitable  soil  obtained  from  borrow  pits 
shown  on  the  plans. 

Design  of  soil  and  cement  mixture. — The  percentage  of 
cement  as  based  on  compacted  dry  soil  volume  is  deter- 
mined by  mixing  the  soil  and  cement  in  several  arbi- 
trarily chosen  proportions  (4.6  and  8  percent  cement 
have  been  found  satisfactory  for  most  soil  types). 

The  optimum  moisture  content  and  maximum  den- 
sity for  each  mixture  are  found  by  means  of  the  Standard 
Method  of  Test  for  Density  of  Soil.  When  the  opti- 
mum moisture  content  for  each  mixture  has  been  found, 
4  specimens  of  each  mixture  are  prepared  in  the  Proctor 
cylinder.  Twto  of  the  specimens  are  subjected  to 
alternate  wetting  and  drying  and  2  to  alternate  freezing 
and  thawing. 

One  cycle  of  wetting  and  drying  consists  of  8  hours 
wetting  by  immersion  at  room  temperature,  15  hours 
drying  at  300°  F.  and  1  hour  cooling  at  room  tempera- 
ture. 

One  cycle  of  freezing  and  thawing  consists  of  8  hours 
wetting  by  immersion  at  room  temperature;  16  hours 
freezing  at  20°  F.  (or  lower) ;  8  hours  thawing  at  room 
temperature;  15  hours  drying  at  300°  F. ;  and  1  hour 
cooling  at  room  temperature. 

After  each  cycle  of  wetting  and  drying  or  freezing  and 
thawing,  one  specimen  is  brushed  with  a  wire  brush  to 
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remove  visible  loose  particles,  and  the  other  is  left 
undisturbed. 

The  weight  and  dimensions  of  all  the  specimens  are 
recorded  after  each  cycle.  The  volume  change  of  each 
specimen  is  calculated  and  recorded.  A  loss  of  50  pen- 
cent  by  volume  of  any  specimen  is  considered  as  the 
point  of  failure.  Failure  in  less  than  15  cycles  of 
wetting  and  drying  and  less  than  10  cycles  of  freezing 
and  thawing  is  considered  as  the  standard  for  the  elimi- 
nation of  any  soil-cement  mixture  for  use  in  base 
course  construction. 

The  moisture-compaction  curve  for  the  cement-soil 
mixture  chosen  is  used  in  obtaining  the  required  mois- 
ture and  compaction  during  construction. 

STABILIZATION  WITH  BITUMINOUS  BINDERS 

Bituminous  materials  used  in  the  stabilization  of 
fine-grained  or  poorly  graded  soils  for  use  in  road  bases 
may  be  arranged  in  3  groups  as  follows:  (1)  emulsions, 
(2)  tars,  and  (3)  road  oils  and  cut-backs. 

Soil-emulsion  mixtures. — Absorption  and  stability 
tests  have  been  largely  used  in  determining  the  proper 
amount  of  bituminous  emulsion  to  be  used  in  the  stabil- 
ization of  fine  grained  soils.5 

Preparation  of  samples. — Samples  of  soil  as  received 
from  the  field  are  dried,  broken  up  and  passed  through  a 
Ji-inch  screen.  The  material  passing  is  quartered  and 
plastic  limit,  liquid  limit,  and  particle  size  determina- 
tions are  made.  Mixes  are  made  using  various  arbi- 
trary percentages  of  emulsion.  The  soil  is  mixed  with 
diluted  stabilizer,  or  first  with  water  and  then  with 
stabilizer,  until  the  asphalt  is  uniformly  distributed 
and  the  mass  is  at  a  consistency  between  the  plastic 
and  liquid  limits. 

The  mixed  soil  is  allowed  to  dry  to  a  stiff  molding 
consistency  and  is  tamped  into  2-inch  metal  molds 
4  inches  long.  After  further  drying,  but  while  still 
slightly  damp,  it  is  compressed,  usually  under  a  load  of 
1,000  pounds  per  square  inch,  and  is  then  pressed  out 
of  the  mold  and  placed  in  a  drying  oven  or  cabinet  and 
maintained  at  about  140°F.  until  at  a  constant  weight. 
Mixing  may  be  done  by  hand  or  with  any  suitable 
equipment  and  the  details  of  the  tamping  and  compact- 
ing methods  are  unimportant  because  the  ultimate 
compaction  and  density  are  obtained  by  shrinkage 
during  the  drying  operation. 

Absorption  test. — The  specimens  prepared  and  dried 
are  then  ready  for  the  capillarity  absorption  test. 

The  absorption  test  is  made  in  a  closed  cabinet  con- 
taining pans  filled  first  with  a  layer  of  standard  Ottawa, 
sand  and  then  a  layer  of  diatomaceous  earth  covered 
with  blotting  paper,  with  water-feeding  apparatus 
which  keeps  the  water  level  exactly  at  the  under  side 
of  the  blotting  paper. 

Although  the  humidity  within  the  cabinet  remains 
very  high  due  to  the  continuous  evaporation  of  water, 
the  individual  specimens  are  wrapped  in  cellophane  on 
the  sides  and  covered  on  top  with  foil  or  shallow 
aluminum  cups  slightly  larger  in  diameter  than  the 
specimen.  This  prevents  the  escape  of  any  water 
taken  up  by  capillarity,  and  is  believed  to  approximate 
the  exposure  of  any  2-inch  cylindrical  portion  of  stabil- 
ized soil  in  a  base  where  it  is  exposed  to  water  at  the 
under  side,  where  evaporation  is  prevented  by  the 
surrounding  stabilized  soil,  and  where  surface  evapora- 
tion is  restrained  by  surfacing. 

5  Soil  Stabilization  with  Emulsified  Asphalt.    C.  L-.  McKesson.    Proceedings  Fif- 
teenth Annual  Meeting  of  the  Highway  Research  Board,  December  1935. 


Specimens  are  usually  removed  for  daily  weighings 
and  the  period  of  test  may  be  7  to  90  days.  It  will  be 
found  that  tho  absorption  decreases  rapidly  after  the 
first  day  because  the  capillarity  of  stabilized  soil  is 
very  low. 

Great  care  must  be  observed  in  removing  specimens 
from  the  blotter  to  prevent  loss  of  weight  in  the  speci- 
men due  to  portions  adhering  to  the  blotter.  Tins  is 
particularly  true  in  the  untreated  specimens  which  take 
up  water  quickly  and  become  soft  and  noncohesive. 
Any  portion  of  the  specimen  remaining  on  the  blotter 
must  be  removed  and  replaced  on  the  bottom  of  the 
specimen  before  each  weighing.  The  necessity  for 
doing  this  can  be  avoided  by  placing  a  disk  of  satur- 
ated filter  paper  under  the  specimen  when  it  is  first. 
placed  on  the  blotter  and  then  weighing  the  specimen 
with  the  filter  paper  each  time.  The  weight  of  the 
saturated  filter  paper  is,  of  course,  added  to  the  initial 
weight  of  the  dry  specimen,  which  weight  also  includes 
the  cellophane  wrapper  and  the  cover. 

The  stability  test  apparatus  consists  of  a  heavy  steel 
cylinder  2J{6  inches  in  inside  diameter  and  4  inches  or 
more  high.  It  is  provided  with  a  tool-steel  orifice  plate 
at  the  bottom,  the  orifice  having  an  area  of  exactly  1 
square  inch  and  beveled  downward  from  the  cutting 
edge.  A  plunger  2  inches  in  diameter  and  a  support- 
ing frame  complete  the  apparatus. 

To  make  the  test  the  specimen  is  placed  in  the  cylin- 
der with  the  orifice  plugged.  The  equipment  is  placed 
in  a  compression  machine  and  a  total  load  of  approxi- 
mately 3,000  pounds  is  applied  to  press  the  specimen 
down  into  contact  with  tho  sides  of  the  cylinder  and  the 
orifice  plate.  The  plug  is  then  removed,  marks  are 
made  at  K-inch  intervals  on  the  plunger  and  the  load 
applied  at  a  rate  sufficient  to  move  the  plunger  %  inch 
per  minute.  The  load  is  read  as  each  ^-inch  mark  is 
reached,  and  consequently  at  the  completion  of  the 
extrusion  of  each  K-inch  stratum. 

The  maximum  load  applied  in  making  the  stability 
test  should  usually  be  about  25,000  pounds  (approxi- 
mately 8,000  pounds  per  square  inch),  but  if  desired 
this  may  be  increased  to  about  40,000  as  the  apparatus 
is  designed  to  withstand  this  total  load.  The  test  is 
intended  to  measure  resistance  to  displacement  by  plas- 
tic (low,  and  a.  specimen  which  resists  displacement 
under  a,  load  of  8,000  pounds  per  square  inch  is  virtually 
a  solid  and  may  be  so  regarded.  Test,  values  beyond 
this  limit  are  not.  usually  significant  as  an  index  of 
plasticity. 

Soil-tar  mixtures.  Tests  for  determining  the  amounts 
of  tar  to  be  used  for  stabilizing  the  various  types  of  soil 
are  as  yet  in  a  state  of  development,  the  most  important 
source  of  information  of  this  kind  being  now  furnished 
by  studies  of  experimental  road  sections.  The  density 
tests  are  largely  used  for  determining  the  amount  of 
w  ater  required  in  such  mixtures. 

Road  oil  and  cutbacks. — The  amounts  of  asphaltic  oils 
and  cutbacks  required  to  stabilize  soils  for  use  in  base 
courses  have  been  determined  chiefly  from  considerable 
mileages  of  experimental  roads  constructed  mainly  m 
Missouri. 

HIGHWAY  EMBANKMENTS 

Specifications  proposed  to  the  American  Association 
of  State  Highway  Officials  for  embankment  soils  con- 
tain essential  requirements  as  follows: 

Condition  1. — Fills  not  exceeding  10  feet  in  height 
which  are  not  to  be  placed  on  steep  sloping  foundations, 
and  which  are  not  subject  to  long  periods  of  inundation. 
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Liquid  limit,  not  greater  than  65. 

For  soil  with  liquid  limits  less  than  65,  the  plasticity 
index  should  be  not  less  than  that  determined  by  the 
formula  O.GXliquid  limit— 9.0. 

The  soils  are  rated  as  to  maximum  dry  weights  in 
table  2. 

Table  2.—  Soils  rated  as  to  maximum  dry  weights  for  condition  1 


Maximum  dry  weight 
(lb/cubic  '"' 

Approximate 

Bureau  of 
Public  Roads 
clissitic.il  ion 

Killing 

Minimum 
field  com- 
paction 
require- 
ment in 
percentage 
of  maxi- 
mum dry 
weight 

39  0  and  below 

90  0-  99  '.i 

A-5,  A   s 
A-S,  A-8 
\  6,  A-7 

A-4 
A-3,  A-2 

A-1 

i  nsatisfactory  . 

Percent 
95 

100.0-109.9  . 

Poor 

Fair 

Good 

9.r> 

110.0-119.9 

90 

120.0-129.9 

90 

Excellent 

90 

Condition  2. — Fills  exceeding  L0  feet  in  height,  or 
which  may  be  placed  on  steep  sloping  foundations,  or 
which  are  subject  to  periods  of  inundation. 

Liquid  limit,  not  greater  than  50. 

The  soils  arc  rated  as  to  dry  weights  in  table  3. 

Table  3. — Soils  rated  as  to  maximum  dry  weights  for  condition  2 


.Minimum 

field  ei  im- 

Approximate 

paction 

Maximum  di  y  «  eighl 
(lb/cubic  fool  1 

Bureau  of 
Public  Roads 
iflcation 

Rating 

ment  in 
percentage 

of  maxi- 
mum dry 

sveighl 

Peru  hi 

99.9  and  below 

\   5,    \   8 

1 1  nsatisfactory 

100.0  109.9 

A -6,  A   7 

Verj  pool 

100 

\    1 

Poor     .. 

95 

120.0-  [211  !l 

A   3,  A   2 

Fair 

on 

130.0  and  above 

A    1 

Good 

no 

ESSENTIAL   FEATURES  OF   CONSTRUCTION 

Subgrades.  It  has  been  found  economical  to  separate 
different  classes  of  materials  excavated  in  grading  opera- 
tions and  replace  them  in  the  constructed  fills  in  such 
way  that  the  better  materials  will  be  placed  next  to  the 
pavement.  This  has  been  found  beneficial  for  reducing 
the  destructive  effects  of  frost  heave  in  silty  soils  and 
the  volume  change  of  clay  soils. 

One  of  the  most  successful  methods  used  for  over- 
coming the  detrimental  heaving  due  to  frost  prevalent 
in  the  northern  part  of  the  United  States  consists  of 
replacing  the  material  which  heaves  with  selected 
granular  materials.  Very  fine  sands  and  silts  charac- 
terized by  a  lack  of  cohesion  and  high  water-holding 
capacity  should  be  replaced  generally  with  the  better 
soils.  Such  soils  are  easily  identified  by  visual  inspec- 
tion during  the  subgrade  survey.  During  the  grading 
operations,  the  silty  soils  have  been  excavated  for  a 
depth  of  as  much  as  3  feet  and  the  selected  material, 
usually  locally  available,  has  been  compacted  in  their 
place.  It  has  been  found  necessary  to  provide  proper 
drainage  so  that  the  replaced  material  does  not  become 
saturated. 

Several  of  the  States  require  soils  of  the  A-5,  A-6,  A-7 
and  A-8  subgrade  groups,  which  have  been  found  to  be 


inferior  materials  for  the  construction  of  fills  and  sub- 
grades,  to  be  covered  when  used  as  subgrades  with 
better  soils.  Usually  a  minimum  depth  of  1  foot  has 
been  required  and  in  many  cases,  18  inches  to  2  feet. 

In  some  cases  plastic  soils  used  for  subgrades  have 
been  compacted  at  a  controlled  moisture  content  prior 
to  the  construction  of  the  surface. 

CONSTRUCTION  OF  STABILIZED   ROADS   AND   BASES   WITH 
GRADED  MIXTURES 

The  essential  construction  features  have  to  do  with 
the  proper  mixing  of  materials,  compaction  and,  in  the 
case  of  bituminous  admixtures,  control  of  moisture 
content.  By  road  mixing  methods,  it  has  been  found 
possible  to  furnish  graded  mixtures  with  a  uniformity 
such  that  the  variation  in  the  plasticity  index  of  the 
finished  road  does  not  exceed  3.  It  is  possible  that  the 
same  degree  of  uniformity  can  be  obtained,  especially 
in  the  more  plastic  soils,  by  plant-mixing  methods  at 
little  or  no  extra  cost.  Mixing  on  the  road  is  facili- 
tated by  having  the  materials  dry.  It  seems  that  ade- 
quate compaction  can  be  attained  in  chemically  treated 
mixtures  with  8  to  12  percent  moisture  content. 

The  density  of  road  surfaces  can  be  expected  to  in- 
crease under  traffic  after  construction.  In  bases  an 
effort  should  be  made  to  obtain  a  high  degree  of  com- 
paction during  construction  if  the  tops  are  to  be  ap- 
plied soon  afterward.  It  seems  that  the  dry  weight  per 
cubic  foot  of  the  compacted  materials  should  be  at 
least  130  pounds  before  the  application  of  the  bitumi- 
nous surface  treatment. 

When  a  highway  is  built  on  a  new  location,  a  suffi- 
ciently wide  roadbed  or  subgrade  is  first  constructed, 
using  available  materials.  Loose,  sandy  subgrades 
should  be  improved  by  the  addition  of  soil  binder; 
soft,  unstable  subgrades  should  be  improved  by  the 
addition  of  granular  material.  The  added  material 
should  be  thoroughly  mixed  into  the  subgrade  by  har- 
rowing orblading,  after  which  the  subgrade  is  brought  to 
true  alinement  and  grade  by  blading  and  rolling.  Ex- 
cess subgrade  material  that  is  suitable  for  use  as  binder 
for  the  wearing  course  can  be  bladed  to  the  shoulders  of 
the  road  and  left  in  windrows  dining  the  preparation  of 
the  subgrade. 

When  an  existing  highway  is  improved,  material  is 
added  or  taken  away  to  obtain  the  desired  width,  grade, 
and  alinement.  Soil  binder  or  granular  material  is 
added  in  sufficient  amount  to  obtain  a  stable  mixture, 
and  is  thoroughly  mixed  into  the  subgrade  by  harrow- 
ing or  blading. 

There  are  two  methods  for  obtaining  the  desired 
mixture — plant  mixing  and  road  mixing. 

Plant  mixing. — The  essential  requirements  for  plant 
mixing  are  a  source  of  satisfactory  binder  in  close  proxi- 
imity  to  the  supply  of  coarse  aggregate  to  be  used; 
means  for  drying  and  pulverizing  the  binder;  apparatus 
for  measuring  the  quantities  of  binder  and  aggregate 
to  obtain  the  proper  proportions;  and  equipment  for 
thorough  mixing  of  the  combined  materials. 

An  ideal  location  for  a  mixing  plant  is  one  near  a 
place  where  the  overburden  consists  of  a  clay  soil  having 
satisfactory  binder  properties.  This  overburden  may  be 
stripped  and  stockpiled  in  windrows  so  that  it  will  dry 
sufficiently  to  be  pulverized  under  a  roller.  The  clay 
should  then  be  combined  with  an  aggregate  of  proper 
grading  in  such  proportions  that  the  resulting  mixture 
will  conform  to  the  specifications.  Thorough  mixing 
should  be  provided  by  means  of  a  pugmill  or  rotary-type 
mixer. 
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In  some  plant  mixes,  bank-run  gravel  and  the  existing 
overburden  have  been  used  and  the  drying  and  pul- 
verizing steps  have  been  eliminated  by  passing  the 
combined  materials  through  a  rotary  screen  or  over  a 
grill  to  remove  oversize  material. 

The  mixture  is  hauled  to  the  road,  spread,  sprinkled, 
shaped,  and  rolled.  The  principal  advantage  of  the 
plant-mix  method  is  that  it  effects  a  thorough  mixing 
of  the  binder  and  aggregate. 

Road  mixing. — The  necessary  equipment  for  mixing 
materials  on  the  road  includes  tractor-drawn  or  sell- 
propelled  blade  graders,  scarifiers,  harrows,  and  other 
apparatus  for  mixing,  moistening,  spreading,  and  com- 
pacting the  base-  and  wearing-course  materials. 

Scarifiers  may  either  be  mounted  on  special  four- 
wheel  vehicles  or  may  be  attached  to  the  roller.  Disk 
harrows  should  be  so  designed  that  unintended  cutting 
into  the  subgrade  can  be  avoided.  Either  the  spring- 
or  spike-tooth  harrows,  that  assure  positive  control  of 
the  depth  to  which  the  teeth  will  penetrate,  are  satis- 
factory. For  mixing  and  shaping,  power-drawn  blade 
graders  with  a  wheelbase  of  not  less  than  1G  feet  are 
satisfactory. 
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A  Spring-Tooth  Harrow  Which  Permits  Positive  Control 
of  the  Depth  of  Penetration  of  the  Teeth. 

The  surfaces  of  existing  roads  should  be  scarified 
deep  enough  to  eliminate  all  irregularities  of  the  surface 
and  to  permit  reshaping  to  grade.  After  the  loosened 
material  is  shaped  to  grade,  the  surface  should  be  scari- 
fied to  a  uniform  depth.  New  material,  if  required, 
should  be  spread  on  the  loosened  surface  in  amount 
sufficient  to  furnish  a  compacted  layer  of  approxi- 
mately 3  inches.  If  greater  surface  thickness  is  desired, 
additional  layers  should  be  constructed. 

The  material  should  be  mixed,  until  uniform  through- 
out, by  means  of  harrowing  and  turning  with  blade 
graders.  The  water  required  to  obtain  the  proper 
moisture  content  in  the  wearing  course  should  then 
be  supplied  in  the  following  manner:  The  dry  mixture 
of  binder  and  gravel  should  first  be  bladed  onto  the 
shoulders  of  the  road.  The  exposed  base  should  then 
be  moistened  uniformly  using  a  suitable  sprinkler, 
and  approximately  one-fourth  of  the  material  from  the 
shoulder  windrows  should  then  be  bladed  immediately 
onto  the  moistened  base.  The  newly  distributed  road 
material  should  then  be  similarly  moistened  and  covered 
as  before  with  one-fourth  of  the  original  windrowed 
mixture,  and  similar  operations  repeated  until  the  last 
fourth  of  the  dry  mixture  has  been  placed. 


A   Pneumatic-Tired   Roller   Especially   Devised  to   Con- 
solidate Stabilized  Soil  Surfaces. 

Any  means  of  applying  adequate  load,  whether  it 
be  a  flat-wheeled  roller,  a  crawler-type  tractor,  truck 
graders,  other  trucks,  or  any  vehicular  traffic,  will 
assist  in  the  compacting  of  graded  mixtures.  After 
shaping  and  initial  compacting  are  completed,  the  road 
should  finally  be  thoroughly  dampened  and  again 
compacted. 

During  the  period  of  final  compaction,  loose  material 
should  be  kept  distributed  over  the  road  surface  by 
means  of  a  road  drag  or  blade  grader.  The  amount  of 
crown  maintained  by  blading  operations  should  be 
sufficient  to  provide  for  the  rapid  run-off  of  rain  and 
prevent  the  formation  of  pools  of  water  on  the  road 
surface.  Pitting  of  the  surface  is  an  indication  that  the 
crown  is  too  slight. 

Chemical  admixtures. — In  plant  mixing,  calcium 
chloride  is  generally  added  to  the  mixture  at  the  plant. 
In  road  mixing,  calcium  chloride  is  applied  in  the  fol- 
lowing manner: 

After  the  new  and  old  soil  materials  have  been  spread 
over  the  prepared  base  in  sufficient  thickness,  they 
should  be  covered  uniformly  with  flake  calcium  chlor- 
ide in  the  amount  of  '^pound  per  square  yard  per  inch 
of  thickness,  with  a  maximum  of  2  pounds  per  square 
yard.  The  spreaders  should  be  capable  of  spreading 
the  chemical  uniformly  and  in  the  desired  quantities. 
The  calcium  chloride  is  then  thoroughly  worked  into 
the  soil  by  harrowing  and  blading  until  the  surfacing 
material  is  uniform  throughout.  Sprinkling  and  shap- 
ing into  a  finished  surface  is  then  accomplished  in  the 
same  manner  as  in  the  case  of  the  untreated  roads  al- 
ready described. 

Calcium  chloride  should  not  be  applied  during  peri- 
ods of  cold,  wet  weather.  The  most  favorable  time  for 
a  surface  application  of  calcium  chloride  is  during  the 
drying  period  just  following  a  rain,  after  the  surface 
has  been  bladed  to  proper  smoothness.  The  moisture 
in  the  road  at  that  time  hastens  solution  and  penetra- 
tion. In  the  absence  of  rain,  application  in  the  early 
hours  of  the  day,  when  the  air  has  high  relative  hu- 
midity, is  very  desirable.  Calcium  chloride  applied 
just  prior  to  a  rain  will  probably  be  washed  off  the  road 
and  consequently  afford  little  or  no  benefit.  When 
blading  of  the  calcium-chloride  treated  road  is  required, 
it  should  be  done  after  rains  or  commenced  near  the 
end  of  a  rain.  At  other  times,  the  surfaces  may  be  too 
hard.  For  patching  holes  an  admixture  of  100  to  150 
pounds  of  calcium  chloride  per  cubic  yard  of  graded  soil 
is  recommended. 

Need  for  extensive  patching  of  stabilized  soil  surfaces 
during  dry  weather  can  be  minimized  or  eliminated  by 
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periodic  maintenance  with  light  applications  of  calcium 
chloride  during  the  dry  season. 

In  the  use  of  calcium  chloride  as  a  dust  palliative,  it 
has  long  been  known  that  this  material  remains  effec- 
tive for  much  longer  periods  in  gravel  having  a  clay 
binder  than  in  gravel  having  a  sandy  filler.  It  has  also 
been  apparent  that  the  presence  of  loose  gravel  tends 
to  shorten  the  useful  life  of  a  treatment.  The  inter- 
mittent movement  of  such  loose  gravel  by  traffic  and 
maintenance  operations  exposes  new  surfaces  to  the  air 
and  promotes  evaporation. 

Sodium  chloride  may  be  added  at  the  plant  for  a 
plant-mix  or  to  the  mixture  on  the  road  for  a  road-mix. 
Rock  salt  has  been  used  most  generally,  but  any  com- 
mercial type  of  pure  salt  or  salt  brine  is  satisfactory. 
The  coarser  grades  of  rock  salt  are  well  adapted  for 
stabilization,  as  they  remain  free-flowing  and  can  be 
more  uniformly  spread  than  the  finer  gradations,  which 
will  absorb  mositure  and  cake  when  stockpiled  along 
the  road.  The  salt  should  contain  not  less  than  98  per- 
cent of  pure  sodium  chloride. 

When  sodium  chloride  is  applied  in  the  form  of  brine, 
any  gradations  of  the  salt  may  be  used,  since  the  condi- 
tion of  the  salt  before  it  is  dissolved  is  unimportant. 
The  stabilized  mixture  wdll  remain  plastic  longer  if  all 
of  the  salt  has  been  dissolved,  thus  permitting  rolling 
and  compacting  to  be  continued  over  a  long  period  of 
time  with  the  possibility  of  attaining  greater  ultimate 
compaction.  There  should  be  enough  water  to  moisten 
the  soil  somewhat  above  the  plastic  limit. 

Water  is  usually  added  by  means  of  pressure  distribu- 
tors, sprinkler  wragons,  or  gravity  tank  trucks.  It  is 
preferable  to  make  several  trips  over  the  section  under 
construction,  sprinkling  lightly  on  each  trip.  This 
gives  the  moisture  a  chance  to  penetrate  sufficiently 
and  does  not  create  a  sloppy  condition  on  the  surface. 
The  amount  of  salt  used  varies  somewhat  in  the  different 
States.  The  usual  amount  is  about  2  pounds  per 
square  yard  per  3-inch  thickness  of  road  constructed. 

During  prolonged  dry  periods,  the  fine  aggregate  may 
wear  off  of  a  sodium  chloride  treated  surface,  leaving 
the  larger  aggregate  particles  protruding.  This  condi- 
tion can  be  corrected  by  covering  the  surface  to  a  depth 
of  about  K-inch  with  properly  proportioned  soil  mix- 
tures containing  about  100  pounds  of  sodium  chloride 
per  cubic  yard.  When  damp  the  mixture  makes  a 
satisfactory  bond  with  the  worn  surface  without  scari- 
fication. 

If.  during  periods  of  rainfall,  the  top  eighth  or  quarter 
of  an  inch  of  stabilized  roads  becomes  plastic,  crushed 
aggregate  should  be  added  to  the  surface  in  amounts  of 
about  50  to  70  tons  per  mile.  This  aggregate  should 
have  a  maximum  size  of  about  J^-inch  and  should  be 
free  from  dust  and  sand.  The  material  should  be 
spread  over  the  surface  and  kept  uniformly  distributed 
as  long  as  the  surface  is  wet.  The  thin  surface  layer  of 
fine  material  acts  as  a  cementing  agent  for  the  coarse 
aggregate  that  has  been  added.  This  results  in  a 
satisfactory  driving  surface,  adds  some  additional 
thickness  to  the  road,  fills  up  any  depressions  that  may 
have  developed,  and  reduces  the  tendency  for  pot  holes 
to  form. 

CONSTRUCTION  OF  CEMENT  STABILIZED   BASES 

The  construction  of  a  cement  stabilized  base,  recently 
developed  experimentally  in  South  Carolina,  is  sum- 
marized as  follows: 

1.  Pulverizing  the  soil. — The  soil  on  the   road  was 


effectively  scarified  to  the  desired  depth  with  a  tooth- 
scarifier  and  then  pulverized  with  a  disk  harrow  assisted 
by  a  sheepsfoot  roller  where  dry,  hard  lumps  of  soil  were 
encountered. 


A  Tractor-Drawn  Disk  Harrow. 

2.  Spreading  cement. — The  cement  was  spread  by 
means  of  a  sand  spreader;  which  was  attached  to  and 
pulled  by  loaded  dump  trucks  containing  a  known 
quantity  of  loose  cement.  Considerable  time  was  lost 
in  spreading  as  each  time  a  truck  was  emptied,  it  was 
necessary  to  unfasten  the  spreader  and  attach  it  to  the 
next  loaded  truck.  The  moisture  content  of  the  soil 
should  be  below  the  optimum  required  for  compacting, 
as  high  moisture  contents  cause  the  cement  to  form 
into  balls. 

3.  Mixing  cement  with  dry  soil. — A  disk  harrow  was 
first  run  slowly  over  the  freshly  spread  cement  in  order 
to  mix  it  partially  with  the  loose  soil.  The  cement 
flowred  into  the  furrows  cut  by  the  disks,  and  if  the 
disks  were  allowed  to  cut  below  the  depth  to  be  treated, 
the  cement  would  flow  into  the  bottom  of  the  furrows 
and  be  lost,  as  the  other  mixing  equipment  would  not 
cut  into  the  hard  subgrade.  Mixing  was  completed  by 
using  a  road  machine  and  multiple-blade  drag  simulta- 
neous^. The  drag  followed  the  road  machine  and 
mixed  the  roll  of  material  turned  up  by  the  road 
machine  blade.  Mixing  in  this  way  was  first  performed 
on  the  edges  and  continued  through  the  middle.  Ap- 
proximately 12  trips  of  each  machine  were  required  for 
the  dry  mixing. 

4-  Application  of  water. — Water  was  applied  with  an 
asphalt  distributor  of  1,000  gallons  capacity.  This 
quantity  of  water  was  spread  uniformly  over  the  sur- 
face in  one  trip.  The  distributor  was  filled  at  each 
end  of  the  section  by  feeder  trucks. 

5.  Mixing. — After  each  application  of  water  the  ma- 
terials were  partially  mixed  with  a  20-inch  disk  harrow 
pulled  as  rapidly  as  possible  by  a  75-horsepower  crawler- 
tread  tractor.  For  most  efficient  mixing,  it  was  found 
that  the  disk  harrow  should  be  operated  at  a  high 
speed  so  that  the  disks  would  throw  the  material  in- 
stead of  merely  cutting  into  it.  On  sections  6  inches 
thick,  it  was  necessary  to  store  approximately    %   of 
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the  dry  mixture  on  the  shoulders  and  apply  the  mixing- 
water  to  that  remaining  in  the  bottom  layer,  then  bring 
in  the  stored  material  from  the  shoulders  and  mix  water 
with  it.  In  order  to  wet  the  mixture  efficiently  at  the 
edges  of  the  road,  approximately  3  feet  of  the  mixture 
near  the  edges  was  pulled  toward  the  center  of  the  road 
when  the  stored  material  was  brought  in  from  the 
shoulders.  After  the  water  had  been  mixed  with  this  ma- 
terial, the  mixture  was  spread  back  to  the  edges  before 
compaction  was  started.  The  entire  section  was  then 
loosened  to  the  bottom  with  a  disk  harrow  so  that  the 
sheepsfoot  roller  could  begin  compaction  at  the  bottom. 

6.  Compaction. — The  sheepsfoot  roller  used  for  this 
operation  was  pulled  by  a  tractor  winch  was  operated 
slowly  for  the  first  few  trips  so  that  the  feet  of  the  roller 
could  penetrate  the  mix  easily  and  compact  the  mate- 
rial from  the  bottom  upwards.  The  roller  was  then 
operated  at  a  higher  speed  in  order  to  obtain  the  benefit 
of  dynamic  forces  in  the  compaction.  It  usually 
required  about  ?>%  hours  for  one  roller  to  work  itself 
to  the  surface  of  an  800-foot  section  of  road.  It  was 
found  that  the  moisture  content  of  the  soil  below  the 
treatment  and  of  that  on  the  shoulders  must  be  at  the 
optimum  or  below  to  obtain  satisfactory  compaction. 
The  operation  of  the  sheepsfoot  roller  on  soft  subgrades 
produces  numerous  fine  cracks  throughout  the  com- 
pacted surface.  Usually  about  1  inch  of  loose  material 
remained  on  the  surface  when  the  sheepsfoot  roller 
had  compacted  the  mix  as  much  as  possible,  and  this 
loose  material  was  shaped  with  a  road  machine  to  the 
correct  cross  section  and  rolled  with  loaded  trucks. 

7.  Finishing. — The  finishing  operation  consisted  of 
blading  the  surface  to  the  correct  grade  and  cross  section 
with  a  hand-operated  road  machine.  This  operation 
determined  the  riding  quality  of  the  section  and  was 
done  by  very  skillful  operators.  This  work  was  partly 
done  during  compaction  and  completed  before  the 
trucks  had  finished  rolling  the  surface.  It  was  found 
that  the  road  machine  blade  would  not  cut  the  surface 
of  the  hardened  base  the  day  after  it  was  constructed, 
and,  therefore,  it  was  necessary  that  the  surface  be 
finally  shaped  as  soon  as  possible  after  compaction. 

CONSTRUCTION  OF  TAR  STABILIZED  BASE 

The  construction  of  an  experimental  road  in  South 
Carolina  in  which  coal  tar  was  used  as  a  stabilizing 
agent,6  has  been  described  as  follows: 

The  soil  in  this  project,  practically  all  of  which  passed 
the  No.  10  sieve,  contained  about  16  percent  silt  and  28 
percent  clay  (by  elutriation).  Other  characteristics 
were  approximately  as  follows:  Liquid  limit  28,  plas- 
ticity index  13,  field  moisture  equivalent  19,  shrinkage 
limit  15,  specific  gravity  2.57,  and  volume  change  23. 

The  total  amount  of  tar  used  was  3.73  gallons  per 
square  yard  of  base  6  inches  in  compacted  thickness. 
Of  this  quantity  of  tar  1.48  gallons  was  4  to  8  viscosity 
(Engler)  and  the  remainder  26  to  36  viscosity  (Engler). 
The  lighter  tar  was  applied  and  thoroughly  mixed  with 
the  soil  before  the  heavier  tar  was  used. 

It  was  found  that  small  lumps  of  clay  soil  did  not 
cause  trouble  if  the  lumps  were  surrounded  by  material 
impervious  to  water  and  protected  from  traffic. 

It  was  noticed  that  soil  mixed  with  low-viscosity  tar 
alone  repelled  water  so  completely  that  rain  for  from 
2  to  9  days  did  not  penetrate  windrows  of  the  mixture 
more  than  }{  inch. 

•  Soil  Stabilization  with  Bituminous  Materials  in  South  Carolina,  J.  S.  William- 
son, Convention  Proceeding  1935-36  of  the  American  Road  Builders'  Association. 


Three  different  sections  contained,  respectively,  2.9 
percent,  7.5  percent,  and  5.8  percent  moisture  when 
mixed  with  the  low-viscosity  tar.  It  was  noticed  that 
the  section  with  7.5  percent  moisture  had  a  "slightly 
grayish  tinge"  during  mixing  rather  than  the  "deep 
black  cast"  that  had  been  observed  on  the  section 
containing  2.9  percent  moisture.  Furthermore,  it 
appeared  to  be  lean  and  dusted  under  traffic.  It  was 
thought  that  the  differences  in  appearance  and  behavior 
of  these  two  sections  undoubtedly  were  due  to  the  fact 
that  the  greater  moisture  content  of  the  second  section 
caused  the  tar  to  penetrate  the  soil,  and  particularly 
lumps  of  soil,  more  completely  in  that  section. 

The  equipment  used  on  this  project  consisted  of  a  disk 
harrow,  tractors  and  blade  graders,  retread  machine, 
pressure  distributor,  and  trucks. 

Soon  after  this  project  was  completed  the  heavier 
tar  was  applied  to  the  surface  at  the  rate  of  0.26  gallon 
per  square  yard  and  covered  with  sand.  No  other 
cover  has  been  applied  since  completion  2  years  ago. 

CONSTRUCTION    OF   EMULSION   STABILIZED    BASE 

The  construction  of  a  soil  surface  with  admixture  of 
bituminous  emulsion  7  has  been  described  as  follows: 

Laboratory  studies  indicated  that  the  natural  adobe 
clay  soil  could  be  stabilized  to  a  depth  of  3  inches  with 
about  3  gallons  of  55  percent  emulsified  asphalt.  By 
adding  2  parts  of  quarry  waste  to  1  part  of  the  clay, 
stabilization  was  accomplished  with  1  gallon  of  emulsion 
per  square  yard,  a  saving  after  paying  for  the  quarry 
waste  of  about  5  cents  per  square  yard.  The  construc- 
tion methods  were  as  follows: 

The  quarry  waste  was  uniformly  spread  on  the  clay 
subgrade  to  a  loose  depth  of  1%  inches  and  scarified 
into  the  natural  clay.  The  loose  mixture  was  4K 
inches  thick.  The  clay  and  quarry  waste  were  well 
mixed  by  harrowing. 

The  soil  mixture  was  first  dampened  with  about  2 
gallons  per  square  yard  of  water  and  the  water  was 
mixed  in  by  harrowing.  The  emulsified  asphalt  was 
then  applied,  after  dilution  with  4  parts  of  water.  The 
diluted  emulsified  asphalt  was  applied  in  6  applications. 
After  the  first  application,  the  mixture  was  harrowed 
and  the  top  inch  and  a  half  of  the  mixture  was  bladed 
to  the  sides.  These  operations  were  repeated  after 
the  next  2  applications.  The  soil  mixture  was  then  in 
2  windrows  on  the  sides  and  was  distributed  back  over 
the  road  in  3  spreads  with  application  of  dilute  emulsion 
to  each. 

To  obtain  thorough  mixing,  the  soil-emulsion  mixture 
was  again  bladed  into  windrows,  then  brought  back  in 
thin  layers,  and  finally  shaped  to  the  required  cross 
section.  The  tractor  used  to  pull  the  mixing  equip- 
ment had  by  this  time  fairly  well  compacted  the 
road  surface. 

One  gallon  of  emulsion  and  6.2  gallons  of  water  were 
used  per  square  yard,  including  the  water  used  in  the 
preliminary  dampening  operation.  This  completed 
the  soil  stabilization  and  there  remained  only  the 
surface  treating. 

The  surface  was  then  given  an  application  of  approxi- 
mately ji  gallon  per  square  yard  of  the  emulsion, 
diluted  with  an  equal  part  of  water  and  immediately 
covered  with  40  pounds  per  square  yard  of  ){  to  %-inch 
crushed  stone.  This  was  followed  by  rolling  of  the 
surface   which   embedded    the   crushed   stone   in   the 


7  New  Developments  in  Asphalt  Construction,  C.  L.  McKesson,  Association  of 
Highway  Officials  of  the  North  Atlantic  States,  New  York  City,  February  26,  1937 
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stabilized  soil  mixture.  A  final  application  of  0.64 
gallon  per  square  yard  of  undiluted  emulsified  asphalt 
was  then  spread  and  immediately  followed  with  15 
pounds  per  square  yard  of  l/4  inch  to  No.  10  sieve 
crushed  stone,  followed  by  brooming  and  rolling. 

STABILIZATION    WITH    CUTBACKS   AND    ASPHALTIC   OILS 

An  experimental  stabilized  road  in  Jackson  County, 
Missouri,  was  compacted  by  traffic.  Asphaltic  mate- 
rials used  as  stabilizers  were  introduced  at  desired 
depths  below  the  surface  of  the  loose  road  mix  by 
means  of  a  specially  constructed  "sub-oiler."  This 
device  is  essentially  a  tooth  scarifier  having  an  oil  line 
attached  to  the  back  of  each  tooth  and  running  nearly 
to  its  point. 

The  theory  underlying  this  procedure  has  been  that 
as  moisture  evaporates  from  the  overling  soil,  the 
moisture  films  will  be  replaced  by  liquid  asphalt. 
Roads  consisting  of  heavy,  sticky  clay  or  gumbo  types 
of  soil  became  water  resistant  after  treatment  in  this 
way  and  were  unaffected  by  rains. 

Another  method  for  incorporating  the  asphalt  into 
the  soil  was  tried  in  Missouri  during  1935. 9  The  clay 
surface  was  scarified  and  the  loosened  material  win- 
drowed  and  mixed  with  the  desired  percentage  of 
bituminous  material  by  means  of  a  traveling  mixing 
plant. 

Varying  quantities  of  coarse  aggregates  were  added  to 
the  soil  to  obtain  information  as  to  the  physical  and 
economical  effects  of  the  use  of  such  materials.  The 
conclusion  reached  was  that  percentages  of  aggregate 
may  be  varied  to  obtain  economy  dependent  upon  the 
relative  costs  of  aggregate  and  bituminous  materials, 
since  the  addition  of  material  larger  than  the  No.  40 
sieve  permits  a  proportional  decrease  in  oil. 

About  35  gallons  of  water  per  cubic  yard  of  mixed 
material  were  added  to  facilitate  mixing  in  the  pug 
mixer.  The  sections  that  had  time  to  dry  prior  to  freez- 
ing carried  traffic  with  little  or  no  sign  of  distress, 
although  there  was  some  evidence  of  a  sponginess  or 
rubbery  action  indicating  that  future  additional  con- 
solidation would  and  should  take  place. 

SUMMARY 

The  study  of  road  subsoils  has  been  utilized  in  the 
following  ways  in  the  United  States: 

1.  The  subgrade  survey  and  subgrade  classification 
has  been  used  in  the  location  and  design  of  highways 
and  particularly  in  the  prevention  of  (a)  frost  heaving 
and  (b)  excessive  pavement,  breakage  and  faulting. 

2.  The  testing  methods  described  have  been  employed 
in  the  design  and  construction  of  stabilized  road  sur- 
faces and  base  courses  of  (a)  the  graded  type  and  (6)  the 
fine-grained  type  in  which  an  adhesive  binder  such  as 
Portland  cement  or  bitumen  has  been  used. 

3.  The  density  tests  as  described  have  been  used  for 
the  selection  and  control  of  construction  of  fills. 

4.  Special  investigations  have  been  made  for  the 
solution  of  foundation  problems. 

5.  The  problem  of  constructing  stable  bases  for  light 
bituminous  surface  treatment  has  been  extensively  in- 
vestigated by  the  State  Highway  Department  of  the 
State  of  Missouri.  This  work  has  included  mechanical 
stabilization  (clay-aggregate  stabilization),  portland 
cement,  bituminous,  and  mixed  bituminous  and  me- 
chanical stabilization. 

•  Soil  Stabilization  Work  in  Jackson  County,  Missouri:  Frank  V.  Oilmore:  Roads 
and  Streets.  68:  313-316,  1935. 

8  Use  of  Cutbacks  and  Road  Oils  in  Soil  Stabilization,  F.  V.  Reagel  and  R.  C. 
Schappler,  Proceedings  of  16th  Annual  Meeting  Highway  Research  Hoard,  vol.  16. 
p.  359,  1936. 


(a)  It  is  indicated  that  all  the  methods  employed 
may  be  successful  but  the  relative  economy  of  various 
methods  depends  on  local  conditions  associated  with 
the  project.  Mechanical  stabilization  assumes  the 
availability  of  an  ample  aggregate  supply.  Economy 
limits  cement  stabilization  to  soil  types  requiring  a  rela- 
tively small  amount  of  cement.  In  other  cases,  bitu- 
minous treatments  will  generally  prove  more  econom- 
ical and  adaptable. 

(b)  In  bituminous  stabilization  three  methods  of 
treatment — machine  mixing,  sub-oiling,  and  road- 
mixing — have  all  been  successfully  employed.  The 
sections  of  road-mixed  material  are  of  too  recent  date  to 
be  fairly  compared  with  the  other  sections,  but  the 
results  obtained  so  far  give  no  indications  of  inferiority. 

(c)  Machine  mixing  as  carried  on  in  Missouri  pro- 
duced complete  diffusion  of  the  treatment.  The 
presence  of  fine  material  in  the  mix  promoted  the  forma- 
tion of  a  clay  emulsion  as  indicated  by  the  appearance 
and  action  of  the  material  discharged  by  the  pug  mixer. 
Tar-treated  material  in  particular  instances  has  not 
shown  any  such  action  but  diffusion  and  coating  have 
appeared  complete. 

(d)  Asphalt  emulsions  because  of  their  ability  to  dif- 
fuse through  the  roadbed  materials  worked  to  best 
advantage  in  conjunction  with  the  sub-oiling  operation. 
However,  cheap  road  oils  of  the  slow  curing  grades 
were  successfully  used  when  dispersed  by  supple- 
mentary blade  mixing  after  the  application  of  oil  by 
means  of  the  sub-oiler. 

(e)  The  necessary  quantity  of  portland  cement  for 
use  is  apparently  easily  determined  by  use  of  the 
Proctor  density  tests  in  combination  with  durability 
tests  consisting  of  freezing  and  thawing  and  alternate 
wetting  and  drying  tests. 

if)  In  the  case  of  bituminous  treatments  there  is 
apparently  a  rather  flexible  range  of  quantity  of  treating 
agents  which  may  be  successfully  used.  This  quantity 
ranges  from  approximately  6  to  10  percent  by  weight  of 
the  soil  fraction.  As  judged  by  the  behavior,  mixtures 
near  the  upper  limits  of  the  range  mentioned  appear  to 
be  more  critical  than  those  near  the  lower  limits,  no 
radical  failures  being  noted  in  sections  approaching 
excessive  leanness  whereas  an  excess  of  bitumen  has 
immediately  produced  plasticity  and  loss  of  stability. 

(g)  Under  the  conditions  used,  and  based  on  the 
length  of  service  thus  far  observed,  no  appreciable 
difference  has  been  noted  in  the  stability  produced,  or 
the  durability  obtained,  with  the  various  bituminous 
agents  used.  Unless  additional  length  of  exposure 
develops  differences  in  durability  or  behavior,  economy 
in  cost  of  treating  agents  will  probably  be  the  governing 
factor  in  selection. 

(h)  One  of  the  results  of  planning  and  carrying  out  the 
research  projects  is  the  conclusion  which  immediately 
becomes  apparent,  that  there  is  little  or  no  fundamental 
information  available  on  which  to  base  thickness  design. 
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( Continued  from  page  111 ) 

light  from  each  type  of  pavement  tested  both  in  a  wet 
and  a  dry  condition. 

Attention  is  called  to  the  fact  that  the  wetting  of  the 
surface  of  the  bituminous  macadam  and  the  open-type 
asphaltic  concrete  has  little  effect  upon  glare.  Tbis  is 
borne  out  by  driving  experience  over  these  types  of 
surfacings.  On  the  contrary,  smooth  and  fine  sandpaper- 
textured  surfaces  show  a  greatly  increased  glare  when 
wet.  Such  surfaces,  when  wet,  are  covered  with  a  film  of 
water  which  becomes  the  reflecting  surface,  while  the  ir- 
regular surfaces,  having  pits  or  indentations  ){  inch  or 
more  in  depth,  break  up  the  water  film.  It  is  t  li  i  is  appar- 
ent that  the  relative  glare  from  wet  surfaces  is  in  the  main 
a  function  of  the  texture  of  the  surface,  and  the  least  gla  re 
is  given  by  those  surfaces  which  are  so  deeply  indented 
that  the  water  will  drain  off  with  sufficient  rapidity  to 
prevent  the  flooding  of  the  entire  surface  and  the  forma- 
tion of  a  water  film  which  acts  as  a  mirror  in  reflecting 
the  lights  of  oncoming  vehicles. 
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HIGHWAY  TUNNELS  IN  WESTERN  STATES 

BY  THE  REGIONAL  OFFICE,  UNITED  STATES  BUREAU  OF  PUBLIC  ROADS ' 


TUNNELING  is  one  of  the  oldest  construction  activ- 
ities of  man.  The  Assyrians  constructed  a  tunnel 
under  the  Euphrates  River  with  a  cross  section  12 
feet  wide  by  15  feet  high.  The  Romans  employed  tun- 
nels in  their  highways.  Near  Naples  a  3, 000-foot  tunnel 
was  excavated  and  the  lighting  problem  was  given  skill- 
ful attention.  The  width  of  the  tunnel  was  about  21 
feet  throughout,  but  the  height  was  increased  from  25 
feet  at  the  center  to  75  feet  at  the  portals,  thus  to  a 
degree  aiding  its  illumination  in  daylight.  In  the 
Middle  Ages  tunneling  continued  in  fortification  works 
and  in  aqueducts,  of  which  the  Languedoc  and  St. 
Quentin  canals  in  France  are  outstanding  examples. 

Modern  times  have  witnessed  the  construction  of  a 
great  many  railroad  and  water  tunnels.  The  outstand- 
ing railroad  tunnel  is  the  Simplon  connecting  Italy  and 
Switzerland  through  the  Alps,  and  is  12.4  miles  long. 
It  was  bored  under  great  difficulties,  one  of  the  main 
obstacles  being  the  heat  that  resulted  from  the  excessive 
depth  of  cover.  Other  important  railroad  tunnels  are 
the  Mount  Cenis,  France  to  Italy;  St.  Gothard,  in 
Switzerland;  Hoosac,  in  Massachusetts;  Rogers  Pass,  in 
British  Columbia;  and  the  Moffat,  in  Colorado. 

The  greatest  advances  in  modern  tunneling  methods 
were  achieved  through  the  introduction  of  compressed 
air  and  the  development  of  high  explosives. 

Modern  traffic  demands  highways  that  can  be  trav- 
eled with  speed  and  safety.  In  the  mountainous  parts 
of  the  west  provision  is  being  made  for  speeds  of  45  to 
50  miles  per  hour,  and  economy  in  design  has  resulted  in 
the  construction  of  some  35  tunnels.  Table  1  gives 
dimensions,  cost,  and  design  details.  Figures  1  and  2 
illustrate  typical  cross  sections  of  these  tunnels. 

VentUation  problems  have  not  developed  in  most  of 
these  tunnels,  as  nearly  all  of  them  are  less  than  1,000 
feet  long.  Consideration  had  to  be  given  to  ventilation 
in  the  East  Rim  Road  tunnel  in  Zion  National  Park, 
5,613  feet  long;  in  the  Wawona  tunnel  in  Yosemite 
National  Park,  4,233  feet  long;  and  in  the  Broadway 
Low  Level  tunnel,  between  Alameda  and  Contra  Costa 
Counties,  Calif.,  3,203  feet  long. 

The  numerous  galleries  introduced  for  ventilation  in 
the  East  Rim  Road  tunnel  served  the  further  purpose 
of  affording  the  traveler  incomparable  vistas.  These 
galleries  solved  the  ventilation  problem,  but  with  addi- 
tional cost  for  heavier  lining.  The  faces  of  the  cliffs  in 
Zion  National  Park  are  vertical,  ami  are  of  extreme 
height.  They  are  composed  of  sandstone  in  horizontal 
beds.  These  faces  undergo  extreme  temperature  changes 
and  constantly  expand  and  contract,  thus  developing 
temperature  relief  joints.  These  joints  or  cracks  are 
both  normal  and  parallel  to  the  faces  of  the  cliffs  and 
extend  back  some  distance  from  the  face.  A  tunnel 
located  well  back  from  the  face  would  undoubtedly  be 
in  entirely  self-supporting  rock,  requiring  less  lining  but 
more  artificial  ventilation. 

The  Tooth  Rock  tunnel  in  Oregon,  is  a  model  in 
landscape  finish  and  lighting.  The  four-lane  tunnel 
on  the  north  approach  to  the  Golden  Gate  Bridge, 
and  the  double-deck,  six-lane  Yerba  Buena  Island 
tunnel  connecting  the  San  Francisco-Oakland  Bay 
Bridges  are  interesting  to  American  engineers  because 

1  This  report  was  prepared  by  engineers  of  the  regional  office  of  the  Bureau  in  San 
Francisco,  Calif.,  with  special  assistance  as  noted. 
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the  German  system  of  headings  was  used  in  their 
excavation.     (See  fig.  3.) 

Operations  in  the  Broadway  tunnel  were  of  special 
interest.  During  construction,  temporary  timber  sels 
that  gave  signs  of  distress,  were  reinforced  solidly  for 
full  depth  by  cement  mortar  applied  by  means  of  a 
pneumatic  cement  gun.2  Louvers  introduced  in  this 
project  for  light  diffusion  by  forming  a  transition  at 
the  portals  were  also  unique. 

The  Willamette  tunnel  in  Oregon,  while  of  moderate 
length,  is  bored  upon  a  curve  of  4°3G',  the  curved  inner 
sidewalk  being  taken  into  consideration  in  providing 
adequate  sight  distance.  This  design  differs  from  the 
usual  practice  in  the  west  of  locating  tunnels  on  tan- 
gents, although  in  the  Broadway  tunnel  reverse  curves 
are  incorporated  at  the  ends  in  order  to  spread  the 
spacing  of  the  bores  from  15  feet  at  the  portals  to 
100  feet  for  the  major  portion  of  their  lengths.  The 
spacing  is  essential  in  twin  bore  tunnels  as  a  safety 
provision  in  blasting  during  construction.  Steel  lining 
for  highway  tunnels  was  first  used  in  the  west  in  the 
Ventura-Maricopa  tunnels. 

TUNNELS  HAVE  SEVERAL  ADVANTAGES  OVER  OPEN-CUT 
CONSTRUCTION 

It  has  been  the  policy  of  the  Bureau  to  consult  with  a 
geologist  regarding  the  rock  formations  that  can  be 
expected  to  be  encountered  in  the  construction  of  major 
tunnels.  The  geologists'  advice  should  be  followed  as 
to  the  extent  and  character  of  preliminary  exploration 
work.  On  a  few  tunnels  the  practice  has  been  to  open 
the  faces  as  a  part  of  the  location  work,  and  in  one 
instance  short  preliminary  headings  were  excavated  to 
determine  the  uniformity  of  the  material. 

Where  the  geologist  is  in  doubt,  a  preliminary  classi- 
fication using  the  seismographic  method  is  warranted. 
The  obtaining  of  seismographic  profiles  should  reduce 
the  number  of  exploration  borings  to  a  minimum. 

The  question  of  whether  to  construct  a  tunnel  or  an 
open  cut  at  a  particular  location  should  be  decided 
only  after  careful  study  of  the  probable  costs  of  con- 
structing and  maintaining  each.  Three  principal 
advantages  of  tunnels  over  open  cuts  are: 

1.  Tunneling  generally  enables  better  location  and 
design  by  reducing  curvature  and  length  and  hence 
contributes  to  highway  safety. 

2.  If  special  facilities  for  ventilation  and  lighting- 
are  not  required,  tunneling  reduces  maintenance 
costs  and  in  any  event  practically  eliminates  snow  re- 
moval costs. 

3.  Tunneling  reduces  scar  (a  landscape  item),  and 
eliminates  erosion. 

The  necessity  of  portal  structures  is  a  major  factor 
in  determining  the  minimum  length  of  tunneling  where 
critical  depths  of  cover  are  encountered.  Assuming 
the  average  cost  of  portals  to  be  $4,000  each,  with  the 
critical  depth  of  cover  between  80  and  100  feet  the 
economical  minimum  length  of  tunnel,  depending  upon 
average  excavation  and  lining  costs,  would  be  in  excess 
of  80  feet. 


2  "Pneumatically  applied  mortar"  is  a  mixture  of  Portland  cement  and  sand, 
mixed  dry  in  proportions  of  1  sack  of  cement  to  4  cubic  feet  of  sand.  It  is  forced  by 
air  through  a  flexible  tube  to  a  nozzle  where  the  mixture  is  hydrated  and  discharged 
by  pneumatic  pressure  against  the  surface  being  treated. 
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Figure  1.— Cross  Sections  of  Several  Highway  Tunnels  Constructed  in  the   Western   States. 
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Figure  2,-Cross  Sections  of  Several  Highway  Tunnels  Constructed   in  the   Western  States. 
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Table  1. — Dimensions,  costs,  and  other 
TUNNELS  CONSTRUCTED  UNDER  DIRECTION 


Tiinnrl 


!  ,ocal  ion 


Slate 


Length  (feel  I 


Year 
con- 
structed 


Materia]  encountered 


Type  of  lining 


Portal  structures 


Wawona    Road,    Project 
2-A5. 


Big  Oak  Flat  Road,  Proj- 

eci  3-Ai. 


Big  Oak  Flat  Road,  Proj- 
ect 3-A5. 


Ventura-Maricopa,  forest 
highway,  Project  70. 


Burns     Summit,     forest 
highway,  Project  7-D. 


Shoshone  Reservoir,  for- 
est highway,  Project 
1-B. 

Trans-Mountain  High- 
way, Glacier  National 
Park,  Project  1-C. 

Cave  Rock,  forest  high- 
way, Project  3-D. 

Ileceta  Head,  forest  high- 
way, Project  5-E. 

Toothrock,  Forest  High- 
way Project  28-A. 


Willamette  Highway, 
Forest  Highway  Projecl 
21,  JK. 

Mt.  Rainier  National 
Park,  Project  5-D. 

Mt.  Rainier  National 
Park,  Project  4-C. 

Zion  National  Park,  Proj- 
ect 1-A2. 


Zion  National  Park,  Proj- 
ect 1-A3. 


Yosemite  National 
Park. 


Yosemite  Nal  ional 
Park. 


Yosemite  National 
Park. 


North  of  Ventura, 


East  of  Couer  d' 
Alene. 


West  of  Cody. 


Glacier    National 
Park. 

East  shore  of  Lake 
Tahoe. 

Coast  highway 


Columbia    River 
highway. 


Southeast  of  Eu- 
gene. 

Eastside  highway 


Stevens  Pass  route. 
East  Rim  road 


East  Rim  road. 


( lalifornia... 
( Jalifornia... 

California... 
California--. 

Idaho..  

Wyoming. .. 

Montana 

Ne\  ada 

i  n  '■  on 

Oregon 

<  iregon 

Washington 

Washington 

Utah  

Utah    

Ai  i/ona 

California. 

<  Jalifornia... 

<  iregon 

Washington 

\\  a  liington 
Washington 

Utah- 

Utah 


4,233 

2  tunnels  187  and  353, 

total  540. 

2,167 

3  tunnels   170,    128, 
and  200,  total  504. 

394 

4  tunnels  165, 132,  30, 
and  15,  total  342. 

187 

151 

680 

828  

875.       

aid 

285 

5,013 

488 

277 

531 

1,000     - 

1,278... 

/261-No.  1 

1212   No.  2 

(130 

408       

(257 .... 

015 

410 

237.. 


1932-33 
1930-38 

1930-38 
1931 

1931-32 

1920 

1920-27 

1931 
1930 

1930-37 

1937-38 
1937-38 

1937  38 

1927-30 

1927-30 


Solid  granite  and  dio- 
rite. 


Granite  (solid  and  al- 
tered). 


Granite. 


Shattered    shale    and 
serpentine. 


Talc,  shale 


1  .inir  tone 


Reinforced  concrete 
and  pneumatically 
applied  mortar. 

Reinforced  concrete. .. 


Reinforced  concrete.. 


Reinforced     concrete 
and  steel  plate. 


Reinforced  concrete. 

None. 

None 


One,    reinforced   con- 
crete. 


Four,  cement  rubble 
masonry. 


None  to  date- 


Granite 

Clay,  boulders,  rock. 

Basalt 


None 

Timber. 


Five,  reinforced  con- 
crete. 


Two,  reinforced  con- 
crete. 


None. 
None. 
None. 


Granite 

Shattered  rock. 

Solid  rock 

Sandstone 


Reinforced  concrete. 


Portions    with    rein- 
forced concrete. 


Reinforced  concrete... 


None  to  date- 


Timber. 


None. 


Sand   tone 


Concrete,  pneumat  ic- 
ally  applied  mortar. 


Gunite. 


One,    cement    rubble, 
masonry. 


None 


TUNNELS  CONSTRUCTED  UNDER  DIRECTION 


Superior-Miami,  Federal 

Aid  Project  16. 
Newcastle,    Federal    Aid 

Project  180-A. 

Waldo,  State  Project  IV- 
Marin-11). 


Arch  Cape,  Federal  Aid 
Project  180-E. 

Cooks-Underwood,    Fed- 
eral Aid  Project  112-F. 


Cooks-Underwood,  Fed- 
eral Aid  Project  112-H. 

Tieton  Reservoir,  Federal 
Aid  Project  211-B. 


gate.    Federal    Aid 
Project  95-  B. 


Middleton     Ridge,     Fed- 
eral Aid  Project  79  A 


Superior  -  Miami 
highway. 

Newcastle-. _. 

North  approach  to 
Golden  Gate 
Bridge. 

South  of  Seaside 

|  In   I  of  Cooks 

Ea  l.  of  Cooks 

West  of  Yakima, 
White  Pass. 

Near  Castlegate. 


Easl  of  St.  George. 


1919-22 
1931-32 

1937 


1936-37 


}     195 


1936 


L936  37 

1930-37 


1931 


1920-27 


Granite- 
Granite. 


Shattered  shale- 


Sandstone,  shale. 


Lava. 


Lava_ 


Shale,  some  coal. 


Sandstone. 


None 

Reinforced  concrete... 

Reinforced  concrete.-. 


Timber. 


Reinforced  concrete- 


Reinforced  concrete- 


Timber  for  50-foot  each 
end. 


Timber. 


Timber- 


None 

Reinforced  concrete. 

Reinforced  concrete. 


Reinforced  concrete" 


Reinforced  concrete.  . 

Cement    rubble    ma- 
sonry. 


Reinforced  concrete- . 


Reinforced  concrete. . 


1  Includes  cost  of  curbs— $3  per  foot. 
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data  on  western  highway  tunnels 
OF  BUREAU  OF  PUBLIC  ROADS 


Cost  per 

portal 
(dollars) 


2,775. _ 


1,570 


6,400. 


I  nun 


Dimensions  of  tunnel  section 


24-foot  roadway,  19-foot  center 
height,  1  3-foot  walk. 


24-foot  roadway,  19-foot  center 
height,  1  3-foot  walk. 


24-foot  roadway,  19-foot  centei 
height,  t  3-foot  walk. 


21-foot  roadway,  18-foot  6-inch 

center  height,  no  walks. 


20-foot  roadway,  17-fool  center 
height,  no  walks. 


19-foot  roadway,  16-foot  center 

height,  no  walks. 

19-foot  roadway,  18-foot  center 
height,  no  walks. 

24-foot  roadway,  18-foot  6-inch 
center  height,  no  walks. 

22-foot  roadway  plus  2  1-foot  Cl- 
inch gutters,  20-foot  center 
height,  no  walks. 

26-foot  roadway,  20-foot  center 
height,  2  4-foot  walks. 


26-foot  roadway,  21-foot  center 
height,  2  3-foot  6-inch  walks. 

24-foot  roadway  21±  -foot  cen- 
ter height,  1  3-foot  walk. 

24-foot  roadway,  20=fc  -foot  cen- 
ter height,  1  3-foot  walk. 

20-foot  roadway,  16-foot  center 
height,  no  walks. 


20-foot  roadway,  16-foot  center 
height,  no  walks. 


Total  I  1 1 1 1 1 r i  1  COSt 

(dollars) 


528,200. 


62,630 


8.20S. 


-"-V'l 


13,600. 
60,700. 


177,385. 


91,475. 


IV, 


26,180.. 
790,628. 


31,130. 


1  "  i  -  | 'or  foot  for- 


Unlined 
tunnel 
(dollars) 


77  and 
102 


21 
120 

9(1 


Ml 


Lining 
(dol- 
lars) 


Lined 
tunnel 

(dol- 
lars) 


125 


Reinforced  con- 
crete 
95  I        165 

Steel  plate 

46  1  If. 

245 


152 
136 


Unit  costs  for  principal  construction  items 


Driving  main  tunnel.  $80  per  lineal  font 
Reinforced  concrete  lining.  $.'i(i  per  lineal 
foot.  Pneumatically  applied  mortar 
lining,  $30  per  cubic  yard. 

Driving  pioneer  bore,  $is.  tt  per  lineal  fool . 
Enlarging  to  size,  $66.03  per  lineal  loot 
Concrete  lining,  $21  per  cubic  yard. 
Cement  rubble  masonry,  $34.49  per  cu- 
bic yard. 

Tunnel  driving,  $108  per  lineal  fool .  Adit 
driving,  $20  per  lineal  foot. 

Lined  tunnel,  $70  per  lineal  foot.  Uulincd 
tunnel,  $64  per  lineal  foot.  Reinforced 
concrete  lining,  $95  per  lineal  foot.  Steel 
plate  lining,  $46  per  lineal  foot. 


Tunnel  excavation,  $60  per  lineal  foot .  Re- 
inforced concrete  lining,  $106.90 per  lineal 
foot.  Reinforcing  steel,  $0.06  per  pound. 
Concrete.  $30  per  cubic  yard 

Enlarging  to  size,  $24  per  lineal  fool 

Tunnel  excavation,  $6  per  cubic  yard 

Unlined  tunnel,  $90  per  lineal  foot 

Tunnel  excavation,  $66.50  per  lineal  foot. 
Timber,  $55  per  thousand  feet  board 
measure. 

Tunnel  excavation,  $85  per  lineal  foot. 
Concrete,  $22.50  per  cubic  yard.  Tim- 
ber, $55  per  thousand  feet,  board  meas- 
ure. Cement  rubble  masonry,  $12  per 
cubic  yard. 

Unlined  tunnel,  $80  per  lineal  foot.  Lined 
tunnel.  $100  perlineal  foot.  Timber,  $65 
per  thousand  feet,  board  measure. 

Tunnel  excavation,  $89  per  lineal  foot. 
Timber,  $60  per  thousand  feet,  board 
measure. 

Tunnel  excavation,  $90  per  lineal  foot 

Driving  tunnel,  $55  perlineal  foot.  Pneu- 
matically applied  mortar,  $24  to  $26  per 
cubic  yard.  Concrete  lining,  $50  per 
lineal  foot.  Reinforcing  steel,  $0.04  to 
$0.05  per  pound. 

Driving  tunnel,  $55  per  lineal  foot.  Pneu- 
matically  applied  mortar,  $26  per  cubic 
yard. 


Remarks 


Tunnel  costs  include  portal  costs 
and  adit  costs,  also  lighting  and 
ventilation  equipment  installa- 
tion; pavement  cost,  excluded. 

Tunnel  costs  exclude  portal  and 
paving  costs. 


Tunnel  costs  include:  Temporary 
timbering, pneumaticallj  applied 
mortar  lining,  (i-  by  7-  by  107-foot 
adit. 

Tunnel  costs  exclude  portal  costs. 


Tunnel  costs  exclude  portal  costs. 


Cost  of  enlarging  only  from  10-  by 
12-foot  tunnels  to  19-  by  16-foot 
size. 


Concrete   curbs   not   included    in 

tunnel  cost- 
Curbs  not  included. 

Tunnel  cost  includes  lighting  sys- 
tem installation  for  $6,680. 


300-foot  reinforced  concrete  lining 
575-feet  unlined. 

Change  order  during  construction 
will  modify  costs  considerably. 

Timbering  omitted. 

Costs  include  galleries.  Costs  not 
segregated  between  lined  and 
unlined  portions. 


Lined  with  pneumatically  applied 
mortar  only. 


OF  STATE  HIGHWAY   DEPARTMENTS 


..■.no 


(3,110-No.  1 
V870-No.  2.. 

[1,160 

{1,535 

U.770 

1,850 

1,815 

1,800. 


2  lanes,  no  walks 

30-foot  roadway,  20-foot  9-inch 
center  height,  2  3-foot  walks. 

42-foot  roadway,  28-foot  9-inch 
center  height,  1  3-foot  4- 
inch  walk. 


26-foot  roadway,  21-foot  center 
height,  2  3-foot  6-inch  walks. 

24-foot  roadway,  20-ffoot  cen- 
ter height,  no  walks. 


24-foot  roadway,  20-ffoot  cen- 
ter height,  no  walks. 

24-foot  roadway,  21-foot  center 
height,  1  3-foot  walk. 


24-foot  roadway,  17-foot  6-inch 
center  height,  no  walks. 


20-foot  roadway,  14-foot  center 
height,  no  walks. 


16,032 

126,3(1(1 


(No.  1  56,982 
iNo.  2-27,270. 


15,632 

52,645. 
43,837. 
65,600. 


:;s.tnu 


20,400 


58 


38 


238 
483 


218 
129 

120 

124 
171 
162 


Tunnel  excavation,  $6  per  cubic  yard 

Tunnel  excavation,  $120  per  lineal   foot. 

Reinforced  concrete  lining,  $110  perlineal 

foot. 
Tunnel  excavation,  $4.40  per  cubic  yard. 

Reinforced  concrete  lining,  $220  per  lineal 

foot.     Reinforced  concrete  lining,  $165 

per  lineal  foot.     Reinforcing  steel,  $0,055 

per  pound. 
Tunnel  excavation,  $3.50  per  cubic  yard. 

Timber,  $70  per  thousand  feet,   board 

measure. 
[Tunnel  excavation,   $4   per  cubic   yard. 

Concrete,  $16  and  $18  per  cubic  yard. 
[     Reinforcing  steel,  $0.05  per  pound. 

ITunnel  excavation,  $3.88  per  cubic  yard 
Concrete  $16.50  per  cubic  yard.     Rein- 

l    forcing  steel,  $0.05  per  pound. 

Tunnel  excavation,  $4  per  cubic  yard. 
Timber,  $80  per  thousand  feet,  board 
measure.  Cement  rubble  masonry, 
$18  per  cubic  yard. 

Tunnel  excavation.  $60  per  lineal  foot. 
Timber  lining,  $60  per  thousand  feet, 
board  measure.  Concrete,  $18  per 
cubic  yard  plus  cement  at  $0.82  per 
sack. 

Tunnel  excavation,  $48  per  lineal  foot. 
Concrete,  $27.50  per  cubic  yard  plus 
cement  at  $0.83  per  sack.  Timber, 
$110  per  thousand  feet,  board  measure. 


Tunnel  cost  includes  installation  of 
electric  lighting  system  for  $1,500. 

Installation    of    lighting    system, 

$2,160. 


Future  reinforced  concrete  lining. 


High  cost  of  tunnel  No.  1  due  to 
cave-in  on  adjacent  railroad  tun- 
nel caused  by  highway  tunnel 
construction. 

High  cost  of  tunnel  lining  in  No.  3 
due  to  increased  thickness  of 
lining. 
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Table   1. —  Dimensions,  costs,  and  oth 

TUNNELS  CONSTRUCTED  UNDE 


Tunnel 

Local  ion 

State 

Length  (feet) 

Year 

con- 
structed 

Material  encountered 

Type  of  lining 

Porta]  structures 

Broadway  Tunnel 

Oakland... 

California. 

Twin     bores     3,203 
and  3,135. 

I'.Hl  37 

Shattered  shale 

Reinforced  concrete.  . 

Monumental        rein- 
forced concrete. 

>  ei  ba  Buena  Island  -  - 

San  Francisco  '  >al 
land,       B  a  y 
Bridge. 

California.    . 

540 

1936-37 

Shat  tered  shale 

Reinforced  concrete . . . 

Monumental         rein- 
forced concrete. 

Figueroa  Street  Extension. 

Los  Angeles 

California  . 

3  tunnels  16,  130,  105 

1931 

Reinforced  concrete. . . 

Reinforced  concrete.. 

Photo  by  the  California  Toll  Bridge  Authority. 

Figure  3. — The  Yerba  Buena  Island  Tunnel,  California, 
Illustrating  the  German  Method  of  Tunneling. 

For  short  tunnels  on  tangents  the  brief  time  required 
to  pass  through  the  tunnel  and  the  infiltration  of  light 
from  the  portals  remove  the  necessity  for  lighting  at 
the  portals. 

Where  tunnels  [,500  feel,  or  longer  arc  required,  or 
where  vertical  curves  which  might  create  gas  pockets 
are  encountered,  provision  must  be  made  for  ventila- 
tion. It  has  been  the  policy  of  the  Bureau  of  Public 
Roads  to  consult  with  the  United  States  Bureau  of 
Mines  on  ventilation  problems  in  the  design  of  the 
major  tunnels  it-  constructs.  Natural  ventilation,  from 
differences  in  barometric  pressure,  is  generally  unreliable. 
However,  carbon  monoxide,  which  is  the  principal  gas 
that  must  be  removed  from  tunnels,  is  lighter  than  air, 
and  when  heated  is  much  lighter  than  cool  air.  It 
therefore  tends  to  flow  upward  along  the  top  of  the 
tunnel,  especially  if  the  location  is  on  a  continuous 
grade. 

Under  usual  conditions  a  composite  ;  car  will  exhaust 
carbon  monoxide  on  grades  of  4  percent  or  less  at  a 
rate  of  1.5  cubic  feet  per  minute  per  car.  Assuming 
2  cubic  feet  per  minute  and  assuming  2  parts  in  10,000 
to  be  the  maximum  concentration  allowable,  provision 

'  The  "composite"  car  used  in  the  design  of  a  tunnel  ventilation  system  should  be 

representative  ol  the  traffic  expected  to  use  the  tunnel.    That  is,  it  should  prod the 

same  amount  of  contamination  as  the  average  vehicle  using  the  tunnel. 


must  be  made  for  supplying  5,000  cubic  feet  of  fresl 
air  per  minute  per  car.  Using  "transverse"  ventilation 
on  tunnels  over  3,000  feet  long,  considerable  tunnei 
space  is  required  for  the  large  air  ducts  needed  to  provid 
for  the  peak  traffic.  In  transverse  ventilation  tb 
fresh  air  is  blown  in  through  ducts  having  ports 
generally  at  the  same  elevation  as  the  seats  of  passenge 
cars,  spaced  at  regular  intervals  along  the  walls,  am 
exhausted  through  a  crown  duct.  This  system  is  no 
widely  used  in  tunnels  in  rural  locations.  The  trans 
verse  system  is  not,  of  course,  adapted  to  use  in  unline< 
tunnels. 

In  the  "longitudinal"  ventilation  system  the  neces 
sity  of  ducts  is  eliminated  if  adits  or  shafts  can  b< 
strategically  introduced  as  provided,  for  example,  in  tin 
design  of  the  Wawona  tunnel  in  Yosemite  Nationa 
Park.  In  this  ventilation  system  provision  is  made  t( 
exhaust  the  contaminated  air  at  a  point  or  points  alonj 
the  bore  through  shafts  or  adits,  the  fresh  air  entering 
through  the  portals  or  through  adits  or  shafts  acting 
in  conjunction  with  the  portals.  The  longitudinal  ven 
tilation  system  can  be  used  on  any  length  of  tunnel 
provided  openings  are  constructed  at  intervals not  mon 
than  Y>  mile  apart.  Under  such  conditions,  vcntilatioi 
is  an  important  economic  factor  in  respect  to  both  firs 
cost  of  installal  ion  and  operating  charges. 

A  combination  of  the  transverse  and  longitudina 
ventilating  systems  might  be  economical  in  tunnels  o 
moderate  length  where  shafts  and  adits  are  not  feasible 
Under  a  combination  design,  the  gas  would  be  exhaustec 
along  a  crown  duct,  while  the  fresh  air  would  come  ir 
through  the  portals,  using  the  roadway  area.  N( 
additional  fresh  air  duct  would  be  provided  as  in  the  cas< 
of  the  transverse  ventilation  system. 

Advocates  of  the  transverse  system  claim  that  it  is 
superior  in  localizing  a  fire  by  preventing  the  smoke  anc 
flame  from  traveling  along  the  bore.  The  accuracy  o: 
this  assumption  is  very  doubtful  in  the  case  of  a  majoi 
conflagration,  since  a  tunnel,  especially  one  on  a  grade 
would  probably  act  as  a  chimney  under  either  th< 
transverse  or  longitudinal  system.  Under  the  abov( 
emergency,  after  all  individuals  had  been  rescued,  th( 
fans  should  be  stopped  to  avoid  possible  beat  damage 
to  the  fans  and  other  equipment.  Stopping  the  fans 
would  also  help  to  smother  the  fire.  A  better  contro 
probably  would  be  the  installation  of  fire  doors. 
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data  on  western  highway  tunnels — Continue! 
DIRECTION  OF  OTHER  AGENCIES 


( !osl  pel 

portal 

(dollars) 


Not  segre- 
gated. 

\cii     I'L'lr 


\n  data 


Dimensions  of  tunnel  seel  ion 


Each  bore  22-foot  roadw  ty, 
15-foot  8-inch  center  height, 
1  3-foot  4-inch  walk. 

Upper  deck,  58-foot  roadw  ay, 
29-foot  center  height,  2  3-foot 
9-inch  walks.  Lower  deck- 
truck  lane,  31-foot  roadwaj . 
hj-foot  center  height.  Rail- 
road space,  27-foot  horizon  la  I, 
20-foot  height. 

10-foot  roadway,  28-foot  3-inch 
center  height,  1  5-foot  walk. 


Total  tunnel  cost, 
(dollars) 


Original       esti- 
mate 4,173,000. 

851,453 


541,160 


per  foot  for— 


Unlined 
tunnel 
(dollars) 


Lining 
(dol- 
lars) 


Lined 
tunnel 

(dol- 
lars) 


1,320 
1,580 


Unit  costs  for  principal  construction  Hems 


Driving  tunnel,  $325  per  lineal  foot.     Ven- 
tilating, lighting  for  $785,000 

Original  lump  sum  bid  $610,000  for  all 
items  increased  by  changes  to  $851,435. 


Tunnel  costs  include  all  items  of  construc- 
tion, driving,  lining,  paving,  portals, 
etc. 


Remarks 


Costs  include  dri\  ing,  lining,  pav- 
ing, etc.  <  Constructed  by  Joint 
Highway  District  No.  13. 

Constructed    by    Calif 

Bridge     Authority     and     Stale 
Division  of  Highways. 


Constructed  nj  local  improvement 
district. 


PERMANENT  LINING  FREQUENTLY  NEEDED  IN  TUNNELS 

Iii  adopting  a  cross  section  for  tunnels,  even  in  self- 
supporting  rock  formations,  experience  indicates  that 
sufficient  area  should  always  be  provided  for  a  minimum 
thickness  of  lining. 

In  adopting  a  cross  section  for  rural  tunnels,  it  must  be 
borne  in  mind  that  excavation  for  a  tunnel  in  rock  forma- 
tion will,  in  general,  cost  about  $5  per  cubic  yard.  Also, 
a  vertical  clearance  of  14  feet  is  desirable.  This  vert  ical 
clearance  generally  makes  if  economical  to  design  with 
a  semicircular  intrados  section  with  the  springing  lines 
from  3  to  5  feet  above  the  pavement  grade.  This  form 
of  section  allows  space  for  at  least  3-foot  sidewalks  with 
no  infringement  of  clearance  on  traffic  lane  widths. 

At  best,  lighting  conditions  at  tunnel  portals  are  not 
ideal  and  ample  roadway  is,  therefore,  essential.  Some 
of  the  older  vehicular  tunnels  have  meager  widths. 
The  travelway  of  the  East  Rim  Road  tunnel  in  Zion 
Nation  Park  (see  figure  1)  is  only  20  feet.  In  newer 
tunnels  the  travelways  are  wider;  for  example  the 
Wawona  tunnel  travelway  is  24  feet  wide;  the  Tooth 
Rock  tunnel  travelway  is  26  feet  wide;  and  the  Wil- 
lamette tunnel,  which  is  on  a  curve  of  4°36',  has  a 
travelway  27  feet  wide.  The  Waldo  four-lane  tunnel 
has  a  42-foot,  four-lane  travelway  and  one  3%-foot  side- 
walk. With  regard  to  the  East  Rim  Road  tunnel's 
narrow  section,  it  should  be  noted  that  the  tunnel  is 
within  a  National  Park  and  the  traffic  moves  slowly  to 
take  advantage  of  the  vistas  afforded  from  the  tunnel's 
several  galleries. 

In  designing  timber  lining  sets,  there  is  generally  a 
choice  between  5  to  7  segments  (see  fig.  4)  and  the  use 
of  a  wall  plate  between  the  posts  and  the  first  segments. 
Where  sets  are  not  to  be  removed  when  permanent 
lining  is  placed,  wall  plates  should  be  omitted.  In 
ground  that  requires  driving  with  side  headings  at  the 
springing  lines  (see  fig.  5)  it  is  generally  easier  to  keep 
the  segments  true  to  section  if  side  plates  are  used. 
These  plates  are  difficult  to  remove  when  setting  posts 
as  the  core  is  excavated,  and  should  be  omitted  if 
possible. 

Mud  sills  are  generally  needed  under  the  footings  of 
posts,  but  where  posts  are  notched  into  rock  formations, 
blocks  to  give  uniform  bearing  are  equallyserviceable. 
Their  function  is  to  provide  even  bearing  and  prevenl 
kicking  in  at  the  bottom.  It  litis  been  the  general 
practice  to  design  sets  with  untreated  timber,  using 
12-  by  12-inch'  material  for  plates,  posts,  and  mud  sills. 


Figure  4. — The  Arch  ('ate  Tunnel,  Oregon,  With  Timber 
Lining  in  Place.  The  Lining  Sets  Consisted  of  Five 
Segments,  Wall  Plates,  and  Posts. 

Headers,  4  by  12  inches,  with  3-  or  4-inch  lagging  are 
required. 

As  a  safety  measure  in  heavy  ground  and  as  a  tem- 
porary item  during  construction,  horizontal  cross  struts 
or  square  sets  are  usually  required.      (See  figs.  6  and  7.) 

Timber  sets  designed  for  the  Stevens  Canyon-Mount 
Rainier  National  Park  tunnel  (see  fig.  2),  where  the  sets 
were  expected  to  serve  for  an  extended  period,  con- 
sisted of  10-  by  14-inch  material  fastened  by  1-  by  6-inch 
dowels  at  the  joints.  Longitudinal  bracing  consisted 
of  4-  by  14-inch  headers  held  with  twentypenny  spikes 
The  bottom  of  the  post  was  set  in  rock  channels  on 
6-  by  10-inch  blocks. 

In  packing  the  space  behind  and  above  the  timber 
lining,  (see  fig.  8)  it  is  generally  the  practice  in  forest 
areas  to  use  the  class  of  wood  available  locally.  Over 
permanent  lining  hand-placed  stone  is  desirable.  In 
large  cavities,  sand  can  easily  be  pumped  back  of  the 
concrete  lining  if  pipes  are  placed  for  this  purpose 
during  concreting.  (See  fig.  9.)  Sand  can  also  be 
placed  advantageously  behind  steel  liner  plates.  Where 
the  rock  contains  open  cracks  or  faults  sand  will  prob- 
ably not  be  satisfactory,  but  lean  concrete  can  be  used 
to  advantage.  Sand  was  used  successfully  on  the  East 
Rim  Road  tunnel  in  a  large  overbreak  section,  and  on 
the  Maricopa-Ventura  tunnel  behind  the  liner  plates  on 
very  thin  sections. 

In  designing  tunnel  linings,  considerable  judgment 
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CROSS     SECTION 


LONGITUDINAL    SECTION 


DRILLING    DIAGRAM     TUNNEL  NO  3 
BIG   OAK  FLAT    ROAD 


Notes  on  Pilot  Tunnel 
drill  holes. 
\    Top  row  holes  =  Beck  holes- 
First  row  down  from  fop  row 
-Breast  holes. 
Second  and  third  row  down 
from  lop  row  =  Cut  holes  and 
easers. 
Bottom  row  =  Lifter  holes. 


CROSS    SECTIO 


Notes  on  full  Bore  Section. 

Numbered  heavy  lines   indicate  ring  drill  holes  and  directions   from 
*A"  drilled  after   Pilot  Tunnel  is^excavated. 

54"  indicates  position  of  Spindle  on  which   Stoper  Drill  used  for  ring 
drilling    is  rayo/vect.    'A'  is  4  feet  above  profile  grade  on  £  of  funnel- 
Spindle  is  attached  to  iron  column  anchored  between  the  floor  and 
roof  of  Pilot   Tunnel. 

ZION   N.P    UTAH 
I-A2   &  I-A3 


Notes  - 

/.  Number  of  holes  SS  to  90 

depending  on  material  encountered. 

2.  Depth  of  holes  4  fo  8  feet. 

3.  Explosives   I  fo  /£  pounds 
per  Cu.  Yd. 

Order  of  Shooting 

1.  Group  A 

2.  6 roup  BiC 

3.  Oroup  D 

4.  Group  E 


Note- 

F- Crown  Drift  or  Heading 

O-Side  Drifts  or  Heading 

H-  Peripheral  Ring 

I  -  Core- 
Method  of  Excavation. 

I  Sides  and  Crown  drifts  ex- 
tended into  face  10  to  20  feet. 

2.  Peripheral  ring  progressively 
sloped  out  between  drifts  to 
permit  placing  of  timber  lining. 

3  Center  core   removed  after 
timber  lining  in  place. 


tooth    rock 
oregon  fh.  28-a 

Figure  5. — Drilling    Plans    Followed    in    the    Construc- 
tion   op   Three    Western    Highway   Tunnels. 

must  necessarily  enter  into  the  determination  of  crown 
depth.  In  earth  formations,  the  depth  of  active  over- 
burden can  be  estimated  with  reasonable  accuracy. 
Having  determined  the  maximum  depth  of  active 
overburden,  the  necessary  thickness  of  lining  can  be 
calculated  by  applying  the  formulas  used  in  designing 
other  arch  structures.     E.  Lauchli's  work  on  tunneling 


gives  a  method  of  determining  the  thickness  of  lining 
based  on  measurements  of  crown  deflection.  Deflec- 
tions at  the  crown  in  most  rock  formations  would  be  so 
small  that  other  considerations,  in  general,  determine 
the  minimum  thickness  of  lining.  In  earth  formations, 
it  is  best  to  make  a  very  liberal  allowance  for  the  weight 
of  the  overburden  to  be  carried  by  the  lining.  The 
theory  of  earth  pressure  deals  with  dry  granular  masses 
under  ideal  conditions,  but  where  saturated  soil  is  en- 
countered, indeterminable  conditions  develop  and  con- 
siderable temporary  timber  lining  becomes  necessary 
before  permanent  lining  can  be  placed.  Under  such 
conditions  the  performance  of  the  temporary  timber 
lining  is  generally  a  satisfactory  guide  in  designing  a  per- 
manent concrete  or  steel  lining. 

Generally,  tunnels  are  needed  only  in  rock  formations, 
since  mountains  with  soil  cover  are  usually  of  such  easy 
slopes  as  to  make  tunneling  unnecessary.  Rock  masses 
are  generally  self-supporting  and  lining  is  only  required 
to  support  shattered  areas  or  to  protect  sections  through 
fault  planes. 

Judgment  based  on  experience  with  various  geological 
formations  must  be  used  in  estimating  the  maximum 
depth  of  rock  fragment  which  might  become  detached 
and  hence  need  support.  Generally,  5  feet  would  be  an 
ample  depth,  and  if  the  lining  is  placed  before  fragments 
become  loosened,  there  is  quite  a  factor  of  safety  by 
reason  of  the  internal  friction  of  the  fragments  before 
movement  can  begin.  Calculations  will  ordinarily 
indicate  a  depth  of  lining  much  less  than  the  minimum 
that  can  be  efficiently  placed  by  the  best  methods 
Using  concrete,  a  crown  thickness  of  12  inches  is  about 
the  least  that  can  be  successfully  placed  in  tunnel  linings. 
A  composite  lining  of  steel  plates,  I-bars,  and  concrete, 
allows  a  very  shallow  depth  of  lining  with  a  minimum 
of  8  inches  at  the  crown. 

Considerable  portions  of  the  Wawona  and  East  Rim 
Road  tunnels  were  entirely  self-supporting,  and  a  mini- 
mum thickness  of  pneumatically  applied  mortar  was 
used  to  prevent  raveling  and  weathering  on  some 
sections. 

The  East  Rim  Road  tunnel  was  originally  lined  with 
pneumatically  applied  mortar  over  the  self-supporting 
sections  and  timber  was  used  on  portions  where  needed. 
(See  fig.  1.)  Later  this  timber  showed  considerable 
distress  due  to  the  working  of  the  cliff  faces,  and  steel 
members  were  installed  in  the  sections  having  the  great- 
est movement.  Ten-inch,  21-pound  I-beams  spaced  3 
feet  between  centers  and  set  in  concrete  have  been 
sufficient  to  prevent  any  further  movement. 

PORTALS  SHOULD  HARMONIZE  WITH  SURROUNDINGS 

The  extensive  use  of  pneumatically  applied  mortar  in 
the  Wawona  tunnel  produced  a  very  pleasing  finish. 
(See  fig.  10.)  This  treatment  softened  the  appearance 
of  angular  breakage  of  the  rock. 

Pneumatically  applied  mortar  is  especially  adapted  to 
irregular  sections  where  form  building  would  be  difficult. 
In  one  gallery  of  the  East  Rim  Road  tunnel,  application 
of  the  mortar  solved  a  very  troublesome  problem.  The 
roof  of  this  gallery,  which  was  very  irregular  in  contour 
over  its  100-foot  span,  gave  indication,  when  sounded, 
that  cracks  were  developing  which  might  later  allow 
sizeable  fragments  to  fall.  If  an  attempt  had  been 
made  to  fit  lining  forms,  considerable  dangerous  and 
expensive  trimming  would  have  been  necessary,  and  t  lie 
long  spans  would  have  made  stress  determinations  very 
difficult.  The  plan  adopted  was  to  grout  1-inch  anchor 
rods  to  a  depth  of  9  feet.     These  rods  were  spaced  5  feet 
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between  centers,  and  held  by  hooked  ends  a  grillage  of 
reinforcement  made  up  of  K-inch  rods  spaced  12  inches 
between  centers.  This  grillage  was  securely  imbedded 
a  6-inch  slab  of  mortar  placed  by  the  pneumatic 


in 


Figure  6. — Square  Sets  that  Failed  Because  of  Heavi 
Ground  Encountered,  in  the  North  Pacific  Forest 
Highway  Tunnel,   Idaho. 


Figure  7. — The  North  Pacific  Forest  Highway  Tunnel, 
Idaho,  Showing  Progress  in  Replacing  Timber  Sets 
with  Concrete  Lining. 

method.  It  has  solved  the  problem  economically  and 
presents  a  very  agreeable  appearance. 

In  wet  formations  provision  for  tunnel  drainage  is 
necessary.  Where  saturated  soil  cover  is  encountered, 
tile  should  be  used  to  convey  the  water  through  to  the 
portals.  Grouting  rock  seams  is  generally  not  satis- 
factory, but  where  a  flow  of  water  is  present,  tile  should 
be  laid  behind  the  tunnel  lining. 

Tile  should  also  be  laid  in  the  subgrade  beneath  the 

80750°— 38 — —2 


road  surface.  The  area  below  the  sidewalks  is  a  con- 
venient location  for  drainage  and  wiring  facilities. 

If  water  would  tend  to  flow  on  the  pavement  into  the 
portals,  surface  grillage  drains  should  be  located  out- 
side the  portals,  tranyerse  to  the  tunnel  axis,  and  com- 
plete for  the  entire  width  of  roadway. 

Natural  rock  slopes  at  tunnel  portals  give  a  pleasing 
appearance,  but  some  protective  work  is  generally  neces- 


Figure  8. — Upper,  Steel  Plate  Lining  in  the  Maricopa- 
Ventura  Tunnel,  California.  Lower,  Tooth  Rock 
Tunnel,  Oregon,  Showing  a  Hole  Outside  the  Neat 
Tunnel  Line  Being  Filled  with  Wood. 

sary,  if  portal  structures  are  not  used,  to  prevent  drip 
and  icicle  formation  which  may  become  a  traffic  hazard. 

In  tunnels  over  1,500  feet  long,  where  the  construc- 
tion of  galleries  is  impractical,  some  form  of  mechanical 
ventilation  is  necessary.  In  rural  tunnels,  the  longi- 
tudinal system  of  ventilation  will  generally  be  found  to 
be  more  economical.  The  fans  should  be  placed  far 
enough  away  from  the  roadway  to  be  clear  of  any  flame 
that  might  develop  from  burning  oil  tank  wrecks.  The 
exhaust  adits  or  shafts  should  be  so  located  as  to  draw 
gas  from  the  upper  area  of  the  bore. 

The  ventilation  machinery  should  operate  auto- 
matically under  normal  conditions,  and  there  should 
also  be  manual  controls.  It  should  also  be  capable  of 
reversing  the  direction  of  air  currents,  as  is  possible  in 
the  Wawona  tunnel. 

The  control  room  should  not  be  within  the  tunnel, 
but  should  be  located  at  a  point  where  it  will  be  quickly 
accessible  in  case  of  a  (ire  within  the  tunnel.  In  case 
of  a  bad  fire,  the  ventilation  system  could  not  be  ex- 
pected to  handle  all  of  the  escaping  smoke  indefinitely, 
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-One  cutlet  pipe  installed  to  this 
elevation  for  draining  off  surplus 
water.    Resulting  sand  fill  to 
this  elevation. 


'Wrought  Iron  Grout  Pipes 
S  IS'c/rs.  for  pumping  a 
sand- wafer  mixture  installed  when 
concrete  tunnel  lining  is 
poured. 


A  -  Sill 

8  -  Post 

C  -  Wall  Plate  or  Cap 

D-  Drift  Pin 

E-  Headers 

F-  Segment 


0  -  Lagging 

H  -  Backing  Wedges  and  Blocks 

1  -  Pock  Backfill 

J  -  Cordtvood  Backfill 
K  -  Square  Sets    (Temporary,  for 
erection  of  permanent  set) 


SECTION    OF    TUNNEL     STA    128  *08   TO  128  ♦  4! 

WAWONA     ROAD    TUNNEL 
YOSEMITE  -  CALIFORNIA 


f.  -'H'eepholes 
S  /0'-0"c/rs. 


HALF    SECTION 

TYPICAL 
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IALF     SECTION 


TIMBER     SETS 
USED  IN   LINING   HIGHWAY    TUNNELS 


Figure  9— Left-   Cross   Section  op   Wawona   Tunnel,   California,   Showing   Sand   Backfiil   Above   Concrete  Lining. 

Right;   Typical  Timber  Sets  Used  in  Lining  Highway  Tunnels. 


Figure  10. — Pneumatically  Applied  Mortar  Being  Placed 
in  the  Wawona  Tunnel,  California. 

but  only  long  enough  to  permit  all  travelers  to  escape 
from  the  tunnel. 

The  principal  function  oi  a  tunnel  portal  is  to  support 
the  weaker  strata  generally  found  at  the  ground  surface. 
Portals  generally  reduce  the  length  of  the  bore  and  the 
lining.  From  a  landscape  viewpoint  they  are  not  as 
attractive  as  natural  formations  (see  fig.  11). 

The  portal  design  should  be  in  keeping  with  the  sur- 
rounding formations.  The  design  of  the  lower  portal 
to  Maricopa-Ventura  tunnel  No.  3,  while  attractive 
(see  fig.  12),  could  have  been  improved  by  introducing 
coloring  material  into  the  concrete  mixture  to  darken 
the  finish  to  the  shade  of  the  surrounding  formations. 
The  lining  ring  should  be  a  shade  lighter  than  the  con- 
crete work  above  the  extrados. 

The  west  portal  of  the  Wawona  tunnel  (fig.  13)  illus- 
trates one  method  <>t'  portal  treatment.  The  smooth 
portal  harmonizes  with   the  regular,  even  rock  slopes 


#'* 


Figure  11.— East  Portal  of  the  East  Rim  Road  Tunnel, 
Utah.  Strong,  Durable,  Native  Rock  at  this  Portal 
Made  Construction  of  a  Portal  Structure  Unneces- 
sary. 

above  the  parapet.  The  curved  extrados  at  the  left 
accentuates  the  arched  section  of  the  tunnel,  and  gives 
the  appearance  of  stability  to  the  portal  in  sympathy 
with  the  formation  of  the  adjacent  cliff.  This  unob- 
trusiveness  in  line  may  be  compared  with  the  jagged 
appearance  of  the  Big  Oak  Flat  tunnel  portal  (fig.  14) 
where  the  masonry  lines  give  much  the  broken  effect 
of  the  shattered  rock  formations   of  the   cover.     The 
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curved  line  of  the  parapet  also  carries  out  the  scheme 
of  the  tunnel  arch. 

The  Tooth  Rock  tunnel  portals  have  very  pleasing 
appearances  as  may  be  observed  in  figure  15  and  in 
the  cover  illustration.  Tbe  arch  of  this  tunnel  is 
carried  through  in  the  curved  upper  line  of  the  parapet. 
The  long  curve  of  the  wing  walls  blends  into  the  retain- 
ing walls.  The  slopes  above  the  portal  structure  are 
to  be  stabilized  and  improved  by  appropriate  planting 
of  local  shrubs.  The  broken  lines  of  the  masonry 
above  the  arch  ring  give  the  effect  of  informality. 

In  contrast  to  these  rural  tunnel  portals  are  the 
monumental  structures  of  the  Yerba  Buena  tunnel  of 
the  San  Francisco-Oakland  Bay  Bridge.  (See  fig.  16). 
It  was  fitting  that  the  portals  of  this  tunnel  be  in  keep- 
ing with  the  entire  project.  They  are  not  too  much 
dwarfed  by  the  adjacent  towers  of  the  spans,  and  the 
smooth  concrete  harmonizes  with  the  longer  lines  of 
other  parts  of  the  project. 


Figure  12. — Portal  Structure  of  the  Maricopa- Ventura 
Tunnel,  California.  The  Structure  Was  Needed  to 
Reinforce  the  Badly  Shattered   Native  Rock. 

In  the  future  more  attention  will  undoubtedly  be 
paid  to  the  lighting  of  highway  tunnels,  especially  at 
the  portals  during  the  brighter  portion  of  the  day. 
Good  lighting  is  necessary  as  a  safety  measure  because 
of  the  slowness  with  which  the  eye  adapts  itself  to  a 
change  from  bright  light  to  darkness.  Night  lighting 
of  tunnels  is  primarily  for  the  benefit  of  pedestrians 
and  need  be  considered  only  near  population  centers. 

The  lighting  system  of  the  Broadway  tunnel  between 
Alameda  and  Contra  Costa  Comities,  Calif.,  makes  use 
of  louver  frames  (see  fig.  17)  which  gradually  diffuse 
the  light  over  a  distance  of  200  feet  at  the  approaches 
of  the  portals.  Truss  frames,  supported  on  concrete 
side  walls,  span  the  roadway.  The  trusses  are  spaced 
at  approximately  34-foot  centers  and  from  their  lower 
chords  are  suspended  four  lines  of  purlins  consisting  of 
12-inch,  wide-flange,  22-pound  I-beams.  These  pur- 
lins support  a  series  of  grillages.  The  grillages  consist 
of  a  series  of  vertical  and  oblique  aluminum  vanes  so 
oriented  that  during  no  season  of  the  year  can  the  sun's 
rays  pass  directly  through  to  the  roadway.  Openings 
were  made  through  the  louver  panels,  and  lighting 
units  have  been  installed. 

LIGHTING  INSTALLATION  IN  TOOTH  ROCK  TUNNEL  DESCRIBED 

The  system  serves  the  purpose  very  satisfactorily  in 
the  mild  climate  of  this  locality,  but  in  a  colder  climate, 
provision   to   handle   snow   would    be  necessary.     One 


» 
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Figure  13. — West  Portal  of  the  Wawona  Tunnel,  Cali- 
fornia. The  Smooth  Concrete  of  the  Portal  Har- 
monizes  with  the   Adjacent   Rock   Faces. 


Figure  14. — Portal  of  the  Big  Oak  Flat  Tunnel,  Cali- 
fornia. The  Masonry  Portal  Harmonizes  with  the 
Shattered   Rock   Around    It. 

possible  means  of  eliminating  snow  would  be  a  shed 
covering  with  sufficient  pitch  for  gravity  snow  disposal. 
The  roof  could  be  made  as  transparent  as  desirable  by 
using  glass  panels. 

The  Tooth  Rock  tunnel  in  Oregon  is  the  only  rural 
highway  tunnel  in  the  west  equipped  with  portal  day- 
light illumination,  and  is  of  pa rticular  interest.4 

The  illumination  within  the  tunnel  is  of  sufficient 
intensity  to  provide  for  safe  travel  at  normal  speeds 
in  the  most  adverse  conditions  of  bright  sunlight.  In 
the  past,  a  serious  far.lt  of  highway  tunnels  has  been 
the  hazard  to  traffic  created  by  driving  from  bright 
daylight  into  darkness. 

Before  the  Tooth  Rock  tunnel  was  constructed,  the 
Bureau  of  Public  Roads  cooperated  with  the  State  of 
Oregon  in  making  comparative  field  tests  of  lighting 
in    existing    tunnels.     These    tests  covered    overhead 


*  This  tunnel  is  described  by  H.  D.   Farmer,  Senior  Highway  Engineer,  United 
states  Bureau  of  Public  Roads. 
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Figure  15. — West  ;Portal  of  Tooth  Rock  Highway  Tunnel,  Oregon. 


Photo  by  the  California  Toll  Bridge  Authority. 
Figure  16. — Upper  Deck  of  the  Yerba  Buena  Island  Tunnel,  California. 


incandescent  and  sodium  lights  with  low-height,  side- 
mounted  fixtures  with  controlled  beams.  A  system  of 
overhead  lighting  was  found  to  be  more  effective  than 
side  lights.  The  overhead  lights  provided  a  full, 
normal  silhouette  of  vehicles  that  are  passed  in  the 
tunnel,  whereas  the  side  lights  illuminated  the  chassis 


only  and   the  result  was  unsatisfactory   for  vehicles 
passing  at  normal  speeds. 

The  installation  was  designed  to  provide  a  transition 
from  bright  daylight  at  the  portals  (often  in  summer 
from  10,000  to  15,000  foot-candles)  to  a  suitable  inten- 
sity of  illumination  within  the  tunnel.     An  intensity 
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of  6  foot-candles  at  the  road  surface  was  found  to  be 
satisfactory.  The  majority  of  the  lighting  units  used 
were  sodium  vapor  luminaires.  The  greater  economy 
of  operation  of  sodium  vapor  lamps  as  compared  with 
incandescent  lamps  of  equal  capacity  was  the  con- 
trolling factor  in  their  adoption.  However,  near  the 
portals,  incandescent  lights  were  used  in  conjunction 
with  sodium  vapor  fixtures  to  build  up  a  high  intensity 
with  fewer  units.  In  this  tunnel  each  1,500-watt 
incandescent  lamp  produces  about  33,000  lumens  while 
the  largest  sodium  unit  produces  10,000  lumens. 

There  are  in  all  20  sodium  vapor  reflector  luminaires 
of  the  concealed  source  type  designed  to  give  adequate 
and  uniform  pavement  brightness  and  freedom  from 
objectionable  glare. 

The  units  have  the  following  characteristics:  Straight 
series,  type  NA-9,  10,000  lumens,  31.4  volts,  6.6  amps, 
and  195  watts.  The  reflectors  and  units  are  similar  to 
the  ones  originally  designed  for  lighting  traffic  circles, 
and  are  manufactured  from  specular  aluminum. 

Each  unit  is  mounted  horizontally  with  the  major 
axis  transverse  to  the  roadway,  and  18  feet  above  the 
pavement.  The  close  spacing  of  the  sodium  vapor 
lamps  results  in  a  uniform  intensity  of  6  foot-candles 
under  the  fixture  at  the  roadbed.  For  convenience  in 
relamping  the  luminaires  a  special  design  was  worked 
out  so  that  the  units  can  be  swung  free  of  the  concrete 
lining.  Plug  type  absolute  cut-outs  have  been  pro- 
vided in  a  flush  mounted  box  adjacent  to  the  sodium 
luminaire  for  disconnecting  this  unit  from  the  high 
voltage  series  circuit. 

All  sodium  luminaires  are  operated  in  a  single  series 
circuit  (see  fig.  18),  part  of  which  is  short  circuited  dur- 
ing the  hours  of  darkness  by  means  of  a  remote-control 
oil  switch  controller.  A  second  similar  controller  is 
provided  on  the  primary  side  of  the  regulating  outdoor 
transformer  for  deenergizing  the  entire  circuit  by 
means  of  a  low-voltage  switch.  This  controller  is 
normally  open  and  can  close  only  when  its  operating 
coil  is  energized ;  this  provision  is  for  safety. 

A  comparison  of  power  consumption  shows  that 
sodium  vapor  lamps  rated  at  10,000  lumens  consume 
approximately  195  watts  per  hour  against  526  walls 
per  hour  for  similar  incandescent  lamps. 

Nine  incandescent  units  (see  fig.  19),  each  consisting 
of  seven  1,500-watt  lamps  and  two  1,000-watt  lamps 
furnish  approximately  270,000  lumens  and  provide  an 
effective  transition  from  bright  sunlight  to  the  dimness 
of  the  tunnel.  These  incandescent  lamp  units  are 
grouped  as  shown  in  figure  18  within  a  small  area  on 
the  incoming  traffic  side  of  the  tunnel. 

Fixtures  for  the  incandescent  lights  are  standard 
reflectors  mounted  16  feet  above  the  roadway  surface. 
The  incandescent  lights  are  connected  by  three-wire 
multiple  connections  in  two  separate  circuits  supplied 
independently  by  two  distributor  transformers  located 
in  vaults  at  their  respective  ends  of  the  tunnel.  Con- 
trol is  effected  through  remote-control,  low-potential 
contactors. 

The  incandescent  units  with  their  concealed-source 
type  of  reflectors  give  a  light  of  high  intensity  at  the 
portals,  free  from  glare  and  well  distributed.  While 
the  light  at  all  points  within  the  tunnel  is  far  short  of 
daylight  intensity,  sufficient  illumination  is  provided 
to  enable  traffic  to  traverse  the  tunnel  safely  without 
confusion  or  change  in  speed. 

The  change  from  a  high  intensity  of  light  at  the 
portals  during  daylight  hours   to   a  low  intensity   at 


night  and  vice  versa  is  effected  by  an  electric  eye  which 
operates  a  switch  when  the  outside  light  intensity  drops 
below  or  rises  above  500  foot-candles.  During  day- 
light hours  the  lighting  system  is  operated  at  lull 
capacity  except  during  sustained  periods  of  dark, 
cloudy  weather  when  the  incandescent  system  may  be 
cut  out  by  manual  controls.  At  night,  since  it  is  neces- 
sary only  to  provide  lights  for  pedestrian  traffic,  no 
incandescent  lights,  and  only  one-third  of  the  sodium 
vapor  lights,  are  used. 


Figure   17. — Portal  and   Light  Louvers  of  the   Broadway 
Tunnel,  California. 

The  photoelectric  relay  used  is  a  new  unit  recently 
developed  employing  two  phototubes  instead  of  one, 
connected  in  parallel  and  mounted  behind  a  window. 
This  installation  differs  from  the  usual  one  in  that  the 
phototubes  and  the  relay  controls  are  located  in  sepa- 
rate boxes.  The  phototubes  are  mounted  in  the  north 
wall  of  the  vault  at  the  west  portal  and  the  controls 
are  located  within  the  vault. 

PLAN    OF   OPERATIONS  IN    TUNNEL   CONSTRUCTION   DEPENDS   ON 
SEVERAL   FACTORS 

The  lighting  system  has  operated  very  satisfactorily, 
but  several  minor  revisions  would  improve  the  design. 

1.  The  pendant  fixtures  for  incandescent  lights  near 
the  portals  do  not  present  as  good  appearance  as  would 
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Figure  19. — Tooth  Rock  Tunnel,  Oregon,  Showing  Loca- 
tion of  Incandescent  Light  Units. 

properly  concealed  fixtures  countersunk  into  the  con- 
crete lining.  A  more  attractive  design  of  the  sodium 
fixtures  also  could  be  devised. 

2.  Probably  less  intensity  of  light  at  night  would  be 
equally  effective  for  motor  traffic,  adequate  for  pedes- 
trians and  more  economical.  When  additional  sodium 
lights  were  cut  out  at  night,  the  resulting  lighting  was 
very  spotty  and  unsatisfactory.  The  present  lighting 
system  is  also  somewhat  objectionable  to  traffic  leav- 
ing the  tunnel  at  night,  since  the  intensity  of  illumina 
tion  inside  the  tunnel  is  greater  than  that  generated  by 
headlights  outside  and  results  in  a  moment  of  deficient 
vision.  A  system  of  night  lights  of  lower  intensity, 
but  spaced  closer,  would  be  more  effective.  A  similar 
result  could  be  obtained  by  extending  the  illumination 
outside  of  the  tunnel  to  effect  a  transition.  This 
transition  effect  will  be  accomplished  at  the  Tooth 
Rock  tunnel  when  the  adjacent  sections  of  road  are 
lighted  in  the  near  future 

3.  It  is  believed  that  the  transition  lighting  during 
daylight  would  be  more  effective  if  the  first  units  were 
located  20  or  25  feet  inside  of  the  portal  rather  than  8 
feet  as  in  the  present  installation.  The  reflected  light 
from  the  outside  daylight  so  greatly  outshines  the 
artificial  light  from  the  first  units  that  very  little  benefit 
is  derived. 

The  methods  and  sequence  of  tunnel  construction 
operations  depend  upon  the  degree  to  which  the  ground 
is  self-supporting,  free,  or  charged  with  water,  and  on 
the  cross  section  of  the  tunnel. 

As  the  East  Rim  Road  tunnel  was  only  22  feet  wide 
over-all  and  as  the  sandstone  formation  in  general  was 
entirely  self-supporting,  a  pilot  tunnel  9  feet  wide  and 
8  feet  high  was  driven  on  center  line  and  at  grade, 
followed  by  ring  drilling. 

The  Wawona  tunnel,  28  feet  wide,  was  in  excellent, 


self-supporting,  granite  formation.  The  contractor 
tried  three  methods  of  operation:  (I)  A  crown  heading 
with  ring  drilling  and  bench;  (2)  a,  narrow  bench  and 
crown  heading;  and  (3)  two  successive  headings  and 
one  bench.  The  last  method  was  used  throughout  the 
major  portion  of  the  tunnel. 

Big  Oak  Flat  tunnel  No.  3  was  in  the  same  type  of 
rock  formation  as  the  Wawona  tunnel  but  no  headings 
were  used  and  the  full  face  was  taken  out.  In  tunnels 
Nos.  1  and  2  a  pilot  heading  was  used  for  ventilation. 

The  plan  of  operations — whether   to    take   out   the 
entire    face   or   one   or   more    headings    or    benches 
depends  upon  several  factors. 


Figure  20. — Gallery    Under    Construction    On   the    East 
Rim  Road  Tunnel,   Utah. 

In  the  East  Rim  Road  tunnel  the  boring  could  he 
done  from  several  galleries  (see  fig.  20),  but  the  major 
portion  of  the  muck  had  to  be  taken  out  through  the 
west  portal.  Therefore,  to  expedite  completion,  the 
pilot  tunnel  was  well  adapted  to  the  purpose.  The 
22-foot  over-all  width  made  it  possible  to  use  a  0-foot 
by  8-foot  pilot  tunnel. 

The  pilot  tunnel  was  worked  simultaneously  between 
the  several  galleries.  When  the  pilot  tunnel  was  com- 
pleted between  the  west  portal  and  the  first  gallei\ 
full-bore  operations  were  started  because  ring  drilling, 
loading,  and  shooting  could  proceed  at  the  same  time 
as  mucking.  The  pilot  tunnel  to  a  large  extent  solved 
the  ventilation  problem.  The  natural  draft  through 
the  pilot  tunnel  wTas  augmented  by  the  exhaust  from 
the  shovel  which  was  powered  with  compressed  air, 
and  no  difficulty  was  experienced  in  using  gasoline  motor 
trucks  as  hauling  equipment.  In  the  Maricopa- 
Ventura  tunnels  and  (he  Big  Oak  Flat  tunnels  Nos.  1 
and  2,  pilot  tunnels  were  used  for  ventilation,  hut  were 
not  ring  drilled.  These  tunnels  were  of  short  lengths 
and  this  method  was  used  so  that  special  ventilation 
machinery  would  not  be  needed. 

The  cross  section  of  the  pilot  drift  must  be  ample  to 
allow  easy  handling  of  the  long  steel  drills  for  subse- 
quent ring  drilling.  The  drill  holes  should  extend  at 
least  a  foot  beyond  the  neat  line  of  the  section  at  the 
extreme  points  if  the  entire  section  is  to  be  taken  out  in 
the  two  operations,  that  is,  the  pilot  tunneling  fol- 
owed  by  ring  drilling,  loading,  and  blasting. 

The  placing  of  concrete  lining  in  highway  tunnels,  in 
the  past,  has  presented  difficult  problems.5  Severely 
restricted  working  conditions  and  the  necessity  that 
the   concrete   reasonably    lill    all   voids   resulting   from 


5  The  following  discussion  of  concrete  lining  in  highway  tunnels  is  by  G.  W.  Mayo, 
Senior  Highway  Bridge  Engineer,  United  States  Bureau  of  Public  Roads1. 
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overbreak  and  areas  between  timber  sets  that  must  be 
left  in  place,  etc.,  have  dictated  the  use  of  extremely 
wet  mixtures.  Honeycombed  areas  and  a  rather  per- 
vious concrete  have  been  the  natural  results. 

The  tunnel  cross  section  generally  permits  the  use  of 
forms  in  the  shape  of  a  full-centered  arch  of  compara- 
tively short  span.  Structural  requirements  to  carry 
the  superimposed  loads  would  permit  a  thin  arch  sec- 
tion but  practical  considerations  in  placing  concrete 
generally  require  a  somewhat  thicker  lining. 

In  recent  years  there  has  been  developed  a  pump  of 
the  plunger  type  that  is  capable  of  handling  dry,  harsh 
mixtures  of  concrete.  The  use  of  this  pump,  together 
with  vibrators  both  of  the  internal  and  external  type, 
make  possible  the  placing  of  tunnel  lining  equal  in 
quality  to  concrete  placed  under  ordinary  conditions. 
Such  equipment  was  used  with  excellent  results  on  the 
following  tunnels:  Broadway,  Yerba  Buena,  and  Waldo, 
in  California;  Tooth  Rock,  in  Oregon;  and  East  Rim 
Road,  in  Utah.  Tests  of  the  28-day  strength  of  con- 
crete placed  in  the  Broadway  tunnel  showed  that  it 
averaged  well  above  3,000  pounds  per  square  inch  in 
compression. 

PLACING    PNEUMATICALLY    APPLIED    MORTAR    REQUIRES   SPECIAL 

CARE 

Concrete  pumping  equipment  is  available  in  either 
mobile  or  stationary  units.  It  has  performed  satis- 
factorily using  up  to  the  equivalent  of  1,000  feet  of 
pipe  where  no  lift  was  involved.  On  tunnel  work  it 
ordinarily  discharges  directly  into  the  forms,  obviating 
the  use  of  chutes  or  other  distribution  devices  and  con- 
sequently eliminating  segregation  of  the  aggregate 
from  the  mortar.  The  forms  must  be  set  in  compara- 
tively short  sections  and  must  be  of  substantial  con- 
struction to  permit  the  efficient  use  of  internal  vibrators 
and  to  withstand  the  pressures  developed  in  pumping. 

Where  heavy  underground  pressures  develop,  or 
where  the  material  through  which  the  tunnel  is  being 
driven  slakes  rapidly  in  air,  it  is  essential  that  the 
lining  be  kept  comparatively  close  to  the  excavation 
heading.  Experience  has  indicated  that,  even  I  hough 
a  fully  lined  tunnel  is  not  contemplated,  the  section 
should  he  so  designed  as  to  permit  the  placing  of  lining 
without  interference  from  timber  sets  which  may 
need  to  be  left  in  place.  Costly  changes  in  plans  will 
thus  be  avoided. 

Where  pneumatically  placed  mortar  lining  has  been 
placed  in  tunnels  after  the  bore  is  complete,  certain 
precautions  are  necessary  to  insure  satisfactory  results. 
The  most  important  precaution  is  the  control  of  air 
currents  and  temperatures  during  operations.  In  tjie 
Wawona  tunnel  such  control  was  accomplished  by  hang- 
ing a  heavy  canvas  curtain. 

Adequate  lighting  is  also  of  importance,  since  uni- 
formity of  application  is  only  possible  when  the  nozzle 
man  is  a  skilled  operator  and  all  unnecessary  shadows 
are  eliminated.  This  lighting  was  much  more  of  a 
problem  on  the  Wawona  than  on  the  East  Rim  Road 
tunnel,  since  in  the  latter  the  surface  broke  smoothly 
while  the  surface  of  the  Wawona  tunnel  was  decidedly 
rough. 

It  is  important  that  the  rock  surfaces  be  clean  and 
free  from  dust  and  encrustations.  The  Wawona  tun- 
nel surface  was  washed  with  a  stream  of  water  under  a 
nozzle  pressure  of  70  pounds  per  square  inch.  Wash- 
ing was  done  at  least  half  an  hour  before  mortar  was 
applied. 


The  amount  of  pneumatically  placed  mortar  overran 
the  estimated  quantity  in  the  Wawona  tunnel  for  3 
reasons,  as  follows: 

1.  Bulking  of  the  sand.  The  specifications  limited 
the  moisture  content  of  the  sand  between  4  percent 
and  8  percent  but  the  mix  was  designed  on  the  basis  of 
dry  sand. 

2.  The  excessive  amount  of  rebound  material  ob- 
tained because  of  the  very  irregular  rock  surface. 
This  rebound  resulted  in  more  sacks  of  cement  being 
used  per  cubic  yard  in  place  than  had  been  anticipated. 

3.  The  actual  surface  area  covered  was  considerably 
in  excess  of  the  area  estimated,  because  of  irregulari- 
ties. 

During  construction  of  the  Wawona  tunnel  several 
important  features  were  observed  in  the  operation  of 
the  pneumatic  equipment.6 

The  cement  gun  was  not  equipped  with  an  air  gage 
or  velocity  meter,  so  some  difficulty  was  experienced  in 
maintaining  a  constant  air  pressure  at  the  gun.  The 
gage  was  located  on  the  compressor  about  40  feet  from 
the  gun.  The  air  pressure  was  fairly  constant  at  45 
pounds  per  square  inch  but  frequent  fluctuations  were 
observed,  caused  by  clogging  of  the  material  at  the.  gun 
outlet  or  throughout  the  length  of  hose.  These  fluctu- 
ations caused  variations  in  the  rate  of  discharge  of  the 
mortar,  resulting  in  poor  hydration  at  the  nozzle  and 
a  consequent  greater  loss  of  material  by  rebound. 
The  fundamental  cause  of  the  material  clogging  was 
high  surface  moisture  content  of  the  sand  which  varied 
between  6  percent  and  8  percent  at  the  time  obser- 
vation was  made.  When  the  surface  moisture  con- 
tent dropped  below  6  percent  no  further  trouble  was 
experienced. 

Indications  are  that  for  efficient  operation  the  surface 
moisture  content  of  the  sand  should  be  between  3 
percent  and  6  percent.  Material  containing  less  than 
2.5  percent  moisture  will  discharge  too  quickly  through 
the  gun  and  will  not  receive  sufficient  water  for  proper 
hydration. 

If  was  found  impractical  to  operate  with  more  than 
150  feet  of  hose.  Greater  length  caused  stoppage 
and  resulted  in  considerable  delay  even  though  the  air 
pressure  was  proportionately  increased.  When  using 
over  100  feet  of  hose  the  contractor  used  a  1-inch  nozzle 
and  when  using  less  hose  a  1  %-inch  diameter  nozzle 
was  used.  The  use  of  the  larger  nozzle  resulted  in  a 
better  grade  of  pneumatically  applied  mortar  with 
considerably  less  rebound. 

The  material  was  batched  and  mixed  continuously. 
To  avoid  any  possible  chance  of  hydration  of  the  cement 
before  it  was  shot  through  the  gun,  the  mixing  box  and 
gun  were  emptied  and  cleaned  every  hour. 

As  has  been  stated,  considerable  material  was  lost 
because  of  rebound.  There  seems  to  be  no  particular 
reason  for  wasting  this  material  except  where  linings 
of  high  strength  are  desired.  If  precautions  are  taken 
to  prevent  water  from  coming  in  contact  with  the 
rebound  material  there  is  no  reason  why  it  should  not 
be  used  again,  if  collected  promptly.  The  strength  of 
the  resulting  mortar  might  be  affected  by  this  reuse 
but  the  saving  in  material  cost  would  justify  a  some- 
what decreased  working  stress.  This  reuse  would 
apply  to  any  project  where  pneumatically  applied  mor- 
tar was  employed  exclusively  for  protective  purposes. 

It  was  found  highly  important  for  the  rock  surfaces 
to  be  clean  and  free  from  dust  before  applying  mortar 

8  Further  operations  in  the  Wawona  tunnel  are  described  by  E.  B.  Payne,  Junior 
Highway  Engineer.  United  States  Bureau  of  Public  Roads. 
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Figure  21. — A  Section  of  the  Wawona  Tunnel,  Califor- 
nia, Showing  the  Forms  and  Collapsible  Centering 
Used  in  Placing  Concrete  Lining. 

to  them.  In  some  instances  the  material  sagged  because 
of  insufficient  bond  and  at  times  dropped  completely 
away  from  the  rock.  In  such  cases  the  spots  were  given 
another  application  of  mortar. 

CONSTRUCTION   OF  PERMANENT  LINING  IN  HEAVY  GROUND 
DIFFICULT 

A  thickness  of  %  inch  is  apparently  the  maximum  that 
can  be  easily  applied  directly  overhead  when  using 
ordinary  portland  cement.  If  a  greater  thickness  is 
desired  in  one  coat,  3  percent  to  5  percent  of  calcium 
chloride  should  be  added  to  the  dry  mixture  or  should 
be  placed  in  the  mixing  water. 

If  the  cover  is  generally  self-supporting,  lining  a 
tunnel  is  a  simple  operation;  but  where  heavy  ground 
is  encountered  and  temporary  timbering  is  necessary, 
unusual  care  must  be  exercised  in  selecting  means  of 
supporting  the  lining.  In  the  North  Pacific  Forest 
Highway  tunnel  in  Idaho,  the  cover  was  so  heavy  that 
the  timber  supports  were  pushed  into  the  lining  section 
to  such  an  extent  that  the  original  plan  of  concreting 
the  timber  supports  in  place  had  to  be  abandoned. 
It  was  necessary  to  place  reinforced  concrete  rings 
between  the  sets,  and  later  remove  the  sets  and  fill  in 
the  spaces  between  the  rings  with  reinforced  concrete. 
Note  the  overstressed  timber  posts  and  square  sets  hi 
figure  6.  Also  note  the  reinforcing  steel  in  place 
preparatory  to  concreting  between  the  rings  (fig.  7). 

Where  the  cover  is  generally  self-supporting,  collaps- 
ible forms  can  be  used,  allowing  easy  movement  as  the 
concreting  progresses.  Figure  21  shows  movable  forms 
used  in  the  Wawona  tunnel.  The  carrier  with  lifting 
jacks  in  place  on  the  raising  platform  is  shown,  also 
the  strutting  used  during  the  placing  of  the  concrete.7 

The  tunnel  required  concrete  lining  for  590  feet  next 
to  the  upper  portal.  The  thickness  of  lining  was  IS 
inches  at  the  springing  line  and  12  inches  at  the  crown. 
The  concrete  was  reinforced  with  %-inch  square  bars 
on  12-inch  centers  both  transversely  and  longitudinally. 

Bureau  regulations  against  excessive  drop  and  running 
of  concrete  in  the  forms  led  to  the  adoption  of  a  rather 
elaborate  placing  system.  Wooden  forms,  constructed 
in  10-foot  sections  and  so  built  that  they  could  be 
collapsed  for  moving  to  adjacent  sections,  were  used. 
Additional  centering,  required  while  pouring,  could  be 

7  The  use  of  these  forms  and  the  placing  of  concrete  are  discussed  by  T.  M.  Roach, 
Associate  Highway  Engineer,  United  States  Bureau  of  Public  Roads. 


removed  after  2  days.  The  forms  were  loft  in  place  for 
5  days. 

Aggregates  were  transported  in  wheelbarrows  to  the 
mixer  which  discharged  directly  into  the  placing  gun. 
The  discharge  pipe  from  the  gun  was  carried  over  the 
top  of  the  forms,  terminating  in  steel  chutes  which 
were  carried  down  the  sides  of  the  forms  to  within  5 
feet  of  the  bottom.  These  chutes  were  in  sections  which 
were  removed  as  the  concrete  built  up.  The  entire 
placing  installation  was  carried  on  wheels  on  a  central 
track  and  was  moved  up  and  down  the  track  by  means 
of  a  hoist. 

Thirty  feet  of  lining  were  poured  every  2  days,  using 
the  intervening  day  to  move  the  forms  and  bring  in 
materials.  By  moving  the  entire  installation,  the  dis- 
charge boxes  could  be  moved  back  and  forth  over  the 
30  feet  that  was  being  poured,  thus  depositing  the 
concrete  directly  into  final  position.  Tamping  of  the 
concrete  was  possible  in  all  but  the  crown  of  the  arch. 
In  addition,  air  vibrators  were  used  on  the  face  of  the 
forms. 


Figure  22. 


Collapsible  Steel  Form    i 
Big  Oak  Flat  Tunnel. 


Lining   the 


DATA  GIVEN  ON  CONSTRUCTION  OF  EAST  RIM  ROAD  TUNNEL 

At  one  place  there  was  a  rock  fall  of  about  105  cubic 
yards  from  the  top  of  the  tunnel.  The  highest  point 
of  this  pocket  was  17  feet  above  the  top  of  the  tunnel. 
Through  the  section  affected  by  this  fall,  the  concrete 
lining  was  thickened  to  IS  inches  all  around  the  arch 
(see  fig.  9).  Three  vertical  pipes,  extending  to  the 
top  of  the  hole,  were  placed  through  the  lining  before 
pouring.  After  the  concrete  lining  had  cured  a  suffi- 
cient time,  the  entire  hole  was  pumped  full  of  wet  sand 
to  support  the  rest  of  the  rock  and  form  a  cushion 
above  the  concrete  lining. 

On  the  Big  Oak  Flat  tunnel,  improvement  was  made 
in  centering  the  lining  by  using  steel  shapes,  and  the 
collapsible  lining  was  hinged  in  two  places,  as  shown  in 
figure  22. 
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From  the  East  Rim  Road  tunnel,  5,613  feet  long 
including  the  length  of  the  six  galleries,  approximately 
72,000  cubic  yards  of  muck  were  removed.8  Two 
hundred  ninety-two  thousand  pounds  of  40  percent 
powder  were  required,  or  an  average  of  4  pounds  to  the 
cubic  yard. 

The  general  operations  consisted,  as  previously  men- 
tioned, of  constructing  a  pilot  tunnel  on  center  line  and 
grade  (see  (ig.  5).  Where  poor  cover  was  encountered, 
the  location  of  the  pilot  tunnel  was  changed  to  a  top 
heading  of  the  same  cross  section  along  the  center  line. 


Figure  23. — Column  Used  in  Ring  Drilling,  and  Stoper 
Drill  Being  Operated  in  the  Construction  of  the 
East  Kim  Road  Tunnel. 

A  central  compressor  plant  with  extensive  pipe  system 
permitted  operations  at  several  galleries  or  pilot  tunnel 
headings  at  the  same  time.  The  points  of  attack  from 
the  galleries  and  progress  are  shown  in  table  2. 

The  numerous  crews  engaged  worked  a  total  of  1,275 
(8-hour  shifts  in  273  calendar  days.  The  average  footing 
made  each  8-hour  shift  was  4.4  feet,  or  20.0  feet  per 
calendar  day  by  the  combined  shifts.  The  section  of 
the  pilot  tunnel  involved  a  quantity  of  2%  cubic  yards 
per  loot  of  length. 

The  drilling  in  the  side  galleries  and  the  pilot  tunnel 
was  carried  on  with  jackhammers,  column  drills,  or 
liners.  All  blasting  was  done  using  fuse.  Muck  was 
loaded  by  hand  into  mine  cars,  except  where  muckers 
could  be  taken  into  the  headings. 

All  drilling  of  the  material  between  limits  of  the  pilot 
bore  and  the  perimeter  of  the  main  bore,  except  where 

8  Construction  methods  used  in  the  East  Rim  Road  tunnel  in  Zion  National  Park 
hi'  described  by  R.  A.  Brown,  Associate  Highway  Engineer,  United  States  Bureau 
<if  Public  Roads. 


4     11 

";! 

1 

j 

> 

1 

mM 

-4- 

Figuke  24. — Timbering   Reing   Carried  Forward  as   Exca- 
vation   Progressed    in    the    East    Rim    Road   Tunnel. 

timbering  was  necessary,  was  done  by  ring  drilling. 
(See  fig.  23.)  Stoper  drills  were  set  on  vertical  columns 
on  the  center  line  of  the  main  tunnel,  and  anchored 
between  the  roof  and  the  floor  of  pilot  tunnel.  Sto- 
pers  were  thus  set  at  points  4  feet  above  designated 
grade  and  radial  holes  were  drilled  around  the  pilot 
tunnel  for  the  full  tunnel  section  above  the  floor.  These 
holes  were  drilled  to  the  perimeter  of  the  theoretical 
bore  (see  fig.  5  for  details)  and  the  rings  of  holes  were 
spaced  at  3-foot  intervals.  In  blasting  the  material  in 
the  main  bore,  12  rings  of  holes  were  shot  at  the  same 
time. 


Table   2. 


Progress   in   the   construction    of  the   East   Rim    Road 

tuillli  I 


Gallery  station 

Direct  ion 

Working 
time 

Length 

Rate  per 
day 

71+82 

West 

Days 
50 
22 
22 
48 
54 
57 
40 
53 
43 

Feet 
527 
214 
292 
569 
731 
655 
543 
797 
882 

Feet 
10.5 

71+82 

East 

9.7 

69+50.. 

do__     . 

13.27 

62+48  . 

do.. 

11.85 

49+4S 

49+48 

West 

East 

West 

East. 

do.. 

i  13.53 
11.5 

37+52 

>  13. 57 

37+52 _. 

29+55. 

i  15.0 
i  20.5 

i  Crews  on  bonus. 

Before  awarding  the  contract  for  construction  of  the 
tunnel  it  was  thought  that  the  ground  throughout  the 
greater  part  of  the  tunnel  would  be  stable  enough  so 
that  only  a  very  small  amount  of  lining  would  be  re- 
quired. When  heavy  ground  was  encountered  in  the 
pilot  tunnel,  however,  the  pilot  tunnel  was  discontinued 
on  grade  and  a  top  heading  on  springing  line  grade  was 
driven  and  timber  lining  was  placed  between  the  spring- 
ing line  and  the  roof  of  the  main  tunnel.  The  bench 
below  the  top  heading  was  left  in  place  until  the  power 
shovel  was  ready  to  excavate  it.  This  bench  then  was 
breast  drilled  and  shot  and  the.  shovel  mucked  it  out. 
As  the  muck  was  removed,  posts  to  support  the  timber 
lining  were  placed  under  the  wall  plates.  (See  fig.  24.) 
The  equipment  used  was  as  follows: 

6  jackhammers. 

12  liners  and  stopers. 

2  150-horsepower  motors. 

2  stationary  compressors,  capacity  850  cubic  feet  per  minute 

each. 
1  air  (tunnel  type)  shovel,  %  cubic  yard. 
5  trucks — 3  to  5  cubic  yards  capacity. 
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1  32-inch  fan. 

2  mucking  machines. 
7  mine  cars. 

4  hoists. 

2  portable  compressors. 
1  automatic  drill  sharpener. 
4  steam  pumps. 

Miscellaneous  track,  pipe,  electrical  equipment,  and  small 
tools. 

TIMBER   LINING   REPLACED   WITH  STEEL  AND   CONCRETE  LINING 

Five  years  after  completion  of  the  East  Rim  Road 
tunnel  it  became  evident  that  the  timber  lining  in  sev- 
eral sections  was  in  distress  and  that  it  was  necessary 
to  place  some  permanent  type  of  lining.  In  the  most 
hazardous  sections,  structural  steel  and  concrete  were 
used  as  follows.9 

The  failure  of  the  timber  lining  was  evidenced  by 
shifting  and  split  arch  caps  and  segments,  deformed  and 
crushed  wall  plates,  and  tipped  posts.  Sufficient  tim- 
ber lining  was  removed  to  make  room  for  one  10-inch 
steel  I-beam.  (See  fig.  1.)  An  I-beam  ring  was  then 
installed,  after  which  the  sandstone  outside  of  the  beam 
was  studied  and  blocked  and  sufficient  additional  lining 
was  removed  to  install  another  beam.  Thus  the  opera- 
tion was  carried  on  until  the  entire  timber  section  was 
replaced  with  the  I-beams  thoroughly  wedged  and  the 
seamy,  blocky,  and  loose  sandstone  above  blocked  and 
stulled  in  place. 

After  each  section  was  completely  supported  with 
the  steel  I-beams,  forms  were  placed  on  the  inner  face 
only  and  concrete  was  pumped  between  the  I-beams 
and  in  contact  with  the  rock,  except  that  the  larger 
voids  were  filled  with  old  timber,  rock,  or  sand  to  form 
a  cushion.  The  concrete  wras  placed  by  a  pump  of  the 
plunger  type. 

Because  of  the  narrow-  spaces  of  10-inch  minimum 
thickness  in  this  special  lining  of  welded  I-beam  sets,  it 
was  necessary  to  use  concrete  having  a  5-inch  slump  to 
eliminate  the  possibility  of  leaving  voids  between  the 
I-beams.  The  concrete  was  efficiently  placed  by  skilled 
crews.  The  10-inch  steel  I-beams  came  in  three  sec- 
tions— two  steel  wall  posts  and  an  arch  of  steel  and 
were  welded  together  to  form  one  supporting  ring.  The 
sections  were  butt  welded  with  a  minimum  ;V.-inch  bead 
completely  around  the  joint  except  on  the  inaccessible 
back  face. 

The  joints  were  at  the  springing  lines  and  the  steel 
ribs  thus  formed  wrere  placed  as  the  sections  of  failing 
timber  were  removed.  The  steel  posts  were  set  to  line 
and  grade;  the  steel  arch  member  was  placed  and  the 
joints  welded;  and  then  concrete  pedestals  were  poured 
at  the  bases  of  the  posts.  After  the  concrete  had  set 
sufficiently,  using  extra,  cement  for  early  setting,  the 
loose,  blocky,  and  heavy  ground  over  the  arch  and  at 
the  sides  was  blocked,  wedged,  and  stulled  to  make  ;i 
tight  back  and  rigid  support  before  filling  the  spaces 
between  the  I-beams  with  concrete.  At  several  points 
it  was  necessary  to  place  stulls  from  the  tunnel  floor 
to  support  the  load  until  the  I-beam  could  be  erected 
and  welded,  and  the  pedestal  concrete  had  set  sufli- 
ciently. 

Several  old  rings  of  12-  by  12-inch  timber  were  found 
as  much  as  2  feet  too  low  and  were  supporting  heavy 
ground  that  was  at  many  points  also  too  low.  It  was 
necessary  to  cut  back  to  obtain  sufficient  clearance  to 
place  the  I-beam.     Though  the  work  was  extremely 


'This  work  is  describo<l  by  F.  L.  Davis,  Assistant  Highway  Engineer,  United 
States  Bureau  of  Public  Roads. 


hazardous,  no  one  was  injured.  Experienced  tunnel 
men,  steel  workers,  and  carpenters  performed  the  work. 
The  installation  of  the  I-beams  proved  an  ingenious 
method  of  repair  for  these  sections  when;  the  timber 
had  failed,  because  without  steel  I-beams  or  some  tem- 
porary support,  the  placing  of  concrete  lining  in  these 
sections  would  have  been  very  slowr  and  extremely  dan- 
gerous. The  repair  work  would  probably  have  cost 
considerably  more  by  other  methods. 

Several  methods  can  be  used  in  excavating  tunnels. 
The  contractor  should  select  that  method  best  adapted 
to  the  particular  project,  considering  the  nature  of  the 
formation,  the  size  of  tunnel  cross  section,  and  disposal 
of  the  material.  The  various  systems  of  drilling  used 
in  several  western  tunnels  are  illustrated  in  figures  5 
and  25.  A  detail  discussion  of  the  methods  used  in 
boring  the  tunnels  in  Yosemite  National  Park  follows.10 

Some  of  the  factors  which  influence  the  choice  of  a 
method  of  driving  a  tunnel  should  first  be  considered. 
When  driving  tunnels  of  the  size  required  for  highways, 
most  contractors  prefer  to  carry  a  heading  (this  term  is 
used  here  to  describe  a  drift  along  the  direction  of  the 
bore  of  such  size  as  to  permit  one  or  more  miners  to 
excavate  material  within  the  cross  section  of  the  tun- 
nel) some  distance  in  advance  of  the  excavation  of  the 
full  tunnel  section  for  the  following  reasons: 

1.  The  heading  discloses  the  character  of  the  ground 
prior  to  opening  the  fidl  tunnel  section. 

2.  The  heading  offers  access  to  points  from  which  the 
crown  can  be  reached  and  timbering  started  if  required. 

3.  Short  drill  columns  and  drill  bars  can  be  used  in 
the  heading,  thus  eliminating  the  necessity  for  a  large 
drilling  setup  and  high  working  platforms. 

4.  Short  blasting  rounds  are  usually  used  in  advancing 
a  heading,  and  the  loss  is  comparatively  small  if  the 
blast  fails  to  break  to  the  full  depth  of  the  drill  holes. 

5.  In  hard  rock,  the  blasting  of  the  bulk  of  the  tunnel 
section  is  more  effective  if  there  is  a,  hole,  such  as  a 
heading,  toward  which  the  material  can  break. 

Other  factors  influencing  the  choice  of  methods  are 
time  allowed,  equipment  on  hand,  shape  of  tunnel 
section,  etc. 

CONSTRUCTION  OF  WAWONA  TUNNEL  DESCRIBED  IN  DETAIL 

The  tunnel  section  used  in  the  Wawona  tunnel  is  a 
semicircle,  14  to  15%  feet  in  radius,  on  a  6-foot  spring- 
ing line.  The  effective  width  of  a  top  heading  in  such 
a  section  is  reduced,  as  the  top  of  the  arch  drops 
rapidly  beyond  5  or  6  feet  each  side  of  the  center,  and 
interferes  with  the  proper  pointing  of  the  drill  holes. 
Lowering  the  heading  from  the  crown  of  the  tunnel 
would  destroy  its  effectiveness  as  a  starting  point  for 
timbering,  and  result  in  blocking  of  the  end  of  the  head- 
ing by  the  muck  pde  if  long  bench  rounds  had  been 
blasted. 

Three  drilling  systems  were  used  by  the  contractor 
in  the  Wawona  tunnel,  and  it  will  be  noted  that  each 
system  involved  the  use  of  some  form  of  heading.  (See 
(ig.  25.) 

The  first  method  was  used  for  the  first  335  feet. 
Under  this  system,  the  crown  heading  (10  feet  by  11 
feet)  wTas  advanced  as  fast  as  possible.  Back  of  the 
heading,  but  well  ahead  of  the  bench,  four  drilling  ma- 
chines, swung  on  cross  arms  from  a  horizontal  bar, 
drilled  holes  in  parallel  rings  3  feet  apart  to  break  out 
the  remaining  portion  of  the  heading  to  the.  level  of  the 

1,1  This  discussion  is  by  T.  M,  Roach,  Associate  Highway  Engineer,  United  Stales 
Bureau  of  Public  Roads. 
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bench.  Bench  holes  were  drilled  from  a  cross-bar  set- 
up, practically  paralleling  the  tunnel  center  line. 

In  blasting,  the  bench  hole  shots  were  fired  in  con- 
junction with  6  or  7  rings  of  top  holes.  Delay  de- 
tonators were  used  to  assure  the  ring  shots  exploding 
before  the  bench  shots,  and  to  give  proper  firing  order 
for  the  holes  in  the  bench.  Heading  rounds  were  fired 
at  the  same  time  as  the  bench  rounds  if  they  could  be 
prepared  in  time.  The  heading  was  mucked  by  hand, 
the  muck  being  dumped  over  the  bench  and  re-handled 
by  the  mucking  rig  which  was  used  to  handle  the  bulk 
of  the  blasted  material. 

It  was  found  that  the  beading  could  not  be  advanced 
nearly  so  fast  as  the  bench  could  be  broken ;  that  it  was 
very  difficult  to  keep  air  pipes  in  place  past  the  mucking 
rig  to  feed  the  machines  drilling  in  the  heading;  and 
that  there  was,  in  the  heading,  constant  interference 
with  the  machines  drilling  the  ring  holes  ahead  of  the 
bench.  The  daily  average  advance  of  the  entire  sec- 
tion was  only  5.6  feet,  and  this  s}Tstem  was  abandoned 
in  favor  of  the  second  method. 

The  second  drilling  plan  utilized  a  heading  18  feet 
wide,  kept  only  a  short  distance  ahead  of  the  full  tunnel 
face.  A  set-up  for  machines  drilling  from  short  arms 
swung  from  a  column  was  used  in  the  heading.  The 
drill  holes  varied  from  13  feet  to  19  feet  in  depth,  but 
usually  gave  about  a  17-foot  break. 

In  erecting  the  drilling  set-up  for  the  bench,  two 
horizontal  bars  were  placed  across  the  tunnel,  the  first 
1  foot  above  grade,  and  the  second  at  the  springing 
line.  These  bars  were  tightly  jacked  against  the  rock 
sidewalls.  Clamped  to  these  bars  was  a  curved  bar,  IS 
inches  from  the  sidewall  and  parallel  to  the  curve  of 
the  tunnel  section,  extending  up  into  the  section  of 
tunnel  beside  the  heading.  This  bar  was  used  as  a 
guide  in  drilling  the  area  above  the  bench  and  was 
shifted  from  one  side  of  the  tunnel  to  the  other  as  drill- 
ing progressed.  Machine  clamps  could  be  placed  on 
any  part  of  the  curved  or  horizontal  bars.  The  drill 
holes  were  spaced  as  shown  in  figure  25  and  were  drilled 
approximately  parallel  to  the  tunnel  center  line  to  a 
depth  of  13  to  19  feet.  Heading  and  bench  were 
blasted  together,  delay  detonators  being  used  to  give 
the  proper  sequence  of  explosions.  Charges  in  all  holes 
in  the  heading  exploded  before  charges  in  the  holes  in 
the  bench. 

Under  the  second  method  the  maximum  daily  ad- 
vance was  17  feet,  while  the  average  was  only  13  feet. 
It  was  very  difficult  to  remove  the  muck  from  the 
heading  after  shooting  using  the  long  holes,  as  they 
sometimes  produced  "bootlegging",  or  failure  to  break 
to  the  full  depth  of  the  holes.  This  loss  sometimes  ran 
as  high  as  4  or  5  feet  and  necessitated  reshooting  with 
consequent  loss  of  time.  Widening  the  heading  to  per- 
mit longer  rounds  would  merely  have  lowered  the  1  lead- 
ing sidewall  height  to  a  point  where  it  would  have  been 
impossible  to  place  the  holes  properly,  and  lowering  the 
heading  from  the  crown  would  have  resulted  in  partial 
blocking  of  the  heading  by  the  muck  pile  and  failure 
of  the  muck  from  the  heading  to  blast  clear  of  the  bench. 

The  contractor  was  equipped  and  staffed  for  working 
24  hours  per  day,  doing  most  of  the  drilling  and  blasting 
in  one  shift  and  the  mucking  in  the  two  remaining 
shifts.  The  mucking  operations  had  been  developed 
to  the  point  where  the  contractor  was  convinced  that 
a  full  20-foot  round  could  be  cleaned  out  during  the  two 
mucking  shifts,  and  he  accordingly  changed  to  the 
third  method,  which  he  believed  would  produce  (lie 
desired  footage. 


Under  this  system  of  drilling,  the  contractor  en- 
deavored to  shoot  and  remove  two  10-foot  rounds  in 
the  heading  and  one  20-foot-  round  in  the  bench  each 
24  hours.  One  of  the  heading  rounds  was  drilled  and 
fired  in  conjunction  with  the  bench  round,  (lie  second 
heading  round  being  drilled  and  fired  during  the  first 
mucking  shift.  The  arrangement  of  drill  holes  and 
firing  order  were  essentially  the  same  as  was  used  in  the 
second  method. 

Using  the  third  system  it  was  necessary  to  blast 
twice  each  day,  each  blast  resulting  in  a  loss  of  at  least 
1  hour  while  the  smoke  and  gases  were  being  cleared  out. 
Further  delay  was  caused  by  extra  moving  of  the  shovel 
for  cleaning  up  the  muck  after  each  blast.  It  was  found 
impossible  to  complete  the  worldng  cycle  in  24  hours, 
and  all  shifts  were  accordingly  worked  on  call,  their 
hours  changing  each  day,  with  consequent  disorganiza- 
tion. 

The  third  drilling  S3rstem  was  used  in  driving  the 
last  3,157  feet  of  the  tunnel.  The  daily  average  advance 
was  13.6  feet,  although  the  advance  per  blast  was  20 
feet  or  more,  as  had  been  estimated. 

The  costs  using  the  second  and  third  drilling  methods 
were  practically  the  same.  It  will  be  noted  that  the 
average  advance  was  only  0.6  foot  per  day  more  under 
the  third  plan.  It  is  believed  the  costs  would  have  been 
lowered  slightly  if  the  contractor  had  not  changed  to 
the  third  system  but  had  continued  the  second  system 
and  had  concentrated  on  lowering  the  costs  by  increased 
efficiency. 

All  mucking  was  done  with  a  %-swing  power  shovel, 
mounted  on  crawler-type  tracks  and  operated  with 
compressed  air.  This  rig  was  slow  and  cumbersome, 
and  production  was  low.  It  was  usually  3  hours  after 
the  mucking  shift  started  before  the  first  train  of  mate- 
rial came  out  of  the  tunnel.  Operating  costs  were  high, 
as  the  shovel  would  not  operate  on  the  output  of  one 
compressor  of  1,250  cubic-feet-per-minute  capacity, 
and  it  was  necessary  to  run  two  compressors  requiring 
400  horsepower.  The  same  size  shovel  of  the  conven- 
tional type  will  operate  on  one  75  to  100  horsepower 
motor. 

Material  was  hauled  from  the  tunnel  in  side-dump 
ears,  operated  on  tracks  by  combination  battery  and 
trolley  locomotives.  In  addition  to  the  high  cost  of  in- 
stallation and  maintenance  of  this  haulage  system,  the 
equipment  did  not  operate  well  on  the  5-percent  grade 
of  the  tunnel.  The  locomotives  could  barely  push  3 
empty  cars  up  the  grade,  and  a  great  deal  of  trouble  was 
encountered  in  controlling  the  loaded  train  while 
coasting  down  grade. 

It  appeared  that  operations  involving  the  blasting 
and  mucking  of  the  full  face,  with  approximately 
the  same  daily  advance  or  possibly  less,  would  have  been 
more  economical. 

DRIVING  OF  BIG  OAK  FLAT  TUNNELS  DISCUSSED 

The  following  factors  were  considered  when  deciding 
upon  the  method  to  be  used  in  driving  the  two  short 
tunnels  on  the  lower  portion  of  the  Big  Oak  Flat  road. 

1.  The  two  tunnels  totaled  only  540  feet  in  length,  so 
any  expensive  equipment  set-up  would  have  materially 
affected  the  cost. 

2.  The  available  compressor  could  supply  air  to 
operate  only  about  7  small  drilling  machines  or  four 
large  drilling  machines.  Two  machines  that  could  be 
made  over  into  small  drifters  were  on  hand. 
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3.  No  bad  ground  was  anticipated,  and  no  top  head- 
ing was  believed  necessary.  It  was  believed,  however, 
i  hat  a  pioneer  bore  should  be  used  to  provide  for  ventila- 
tion while  enlarging  to  full  size  and  to  give  a  better 
break  to  the  material  while  driving  the  full  tunnel 
section. 

4.  The  power  shovel  on  hand  was  considered  capable 
of  mucking  out  only  about  10  feet  per  day,  so  long 
rounds    were  out  of  the  question. 

5.  All  drill  steel  on  the  project  was  of  the  1-inch 
hexagonal  type,  threaded  for  detachable  bits.  This 
si  eel  could  be  used  with  small  drifters,  but  was  unsuit- 
able for  use  with  large  machines.  Use  of  this  steel  and 
the  bits  made  purchasing  of  drill  sharpeners  and 
I" u  rnaces  u nnecessa  ry . 

6.  The  time  involved  in  driving  a  pioneer  bore 
through  the  tunnels  would  not  delay  completion  of  the 
project,  as  the  pioneer  bore  could  be  driven  through  the 
first  tunnel  before  the  shovel  was  available  to  start  the 
enlarging  work.  The  pioneer  bore  through  the  second 
tunnel  could  be  driven  while  the  shovel  was  working  in 
the  section  between  the  tunnels. 

It  was  accordingly  decided  that  a  pioneer  bore,  7 
feel  by  6  feet  should  be  driven  through  both  tunnels 
and  that  the  enlarging  work  would  be  done  at  the  ap- 
proximate rate  of  10  feet  per  day.  The  drilling  was  to 
be  done  from  a  frame,  or  "jumbo",  all  holes  being 
drilled  approximately  parallel  to  the  center  line  of  the 
tunnel.  The  pioneer  bore  was  located  with  its  lower 
edge  on  the  springing  line  of  the  tunnel  section.  The 
pioneer  bores  were  drilled  as  shown  in  figure  25;  the 
resulting  advance  was  between  3.5  feet  and  4  feet  per 
blast.  Two  shifts  were  used  on  this  work  each  day, 
and  the  daily  advance  varied  between  7  and  8  feet. 
All  mucking  in  the  pioneer  bore  was  done  by  hand,  and 
the  material  was  transported  in  a  small  car,  hand  op- 
erated on  tracks.  All  blasting  was  done  with  electric 
detonators  and  the  firing  order  was  controlled  with 
delays,  as  illustrated  by  the  numbers  on  figure  25. 

The  drilling  jumbo  was  mounted  on  a  flat-rack  truck, 
and  was  moved  in  and  out  of  the  tunnel  for  each  drilling 
shift.  This  jumbo  is  illustrated  in  figure  25  and  is 
made  of  extra  heavy  4 ! '•  inch  pipe,  curved  to  follow  the 
Tieat  lines  of  the  tunnel  arc  but  having  a  radius  3K 
feet  less  than  that  of  the  tunnel.  The  uprights  and 
braces  are  fastened  to  the  truck,  while  the  curved  side 
.inns  are  hinged  near  the  top  to  permit  swinging  them 
out  of  the  way  while  moving  the  jumbo.  A  solid  bar, 
25  feet  long  was  placed  across  the  tunnel  and  solidly 
clamped  to  the  curved  arms,  3.5  feet  above  the  tunnel 
grade,  while  drilling  was  in  progress.  Jack  screws  on  the 
bottom  of  the  curved  arms  served  to  lift  some  of  the 
weight  from  the  truck  and  to  brace  the  entire  frame 
solidly.  Drill  arms  could  be  swung  out  from  any  part 
of  the  frame,  or  the  machines  could  be  mounted  on  any 
portion  of  the  frames  or  braces. 

Drill  holes  were  required  on  approximately  3-foot 
centers,  and  were  drilled  by  using  drilling  arms  4  feet 
long  clamped  to  the  frame  with  universal  clamps.  The 
truck  was  placed  on  center  line  and  the  frame  jacked  to 
grade.  Six  drilling  machines  were  mounted  on  the 
frame  at  one  time,  and  drilling  was  started  at  the  top 
of  the  frame.  The  machines  were  moved  down  the 
frame  as  drilling  progressed.  The  pointing  of  each 
drill  hole  was  checked  by  the  shift  boss.  Approximately 
(ill  holes  were  required  to  break  out  each  section.  These 
holes  were  drilled  in  two  shifts,"  the  first  shift  setting 
up   and   starting   the   drilling,   while   the  second  shift 


completed  the  round  and  loaded  and  blasted  the  holes. 
The  mucking  was  done  in  one  shift,  all  material  being 
transported  in  trucks. 

This  system  was  very  successful  in  the  two  short 
tunnels,  and  is  believed  to  be  definitely  superior  to  the 
system  used  in  the  Wawona  tunnel.  Powder  consump- 
tion was  very  low,  the  pioneer  bore  requiring  14  pounds 
of  powder  per  cubic  yard  while  the  enlargement  re- 
quired only  2.4  pounds  per  cubic  yard.  The  average 
was  3.3  pounds  per  cubic  yard  as  against  about  7  pounds 
per  cubic  yard  in  the  Wawona  tunnel  and  an  estimated 
4.6  pounds  per  cubic  yard  in  the  2,167-foot  tunnel  on 
the  Big  Oak  Flat  road. 

Of  even  more  importance  than  the  cost  was  the  effect 
this  system  had  on  the  final  shape  of  the  completed 
tunnel.  The  material  encountered  was  badly  seamed, 
and  considerable  overbreak  was  unavoidable.  Under 
this  method  the  heavy  blasting  required  close  to  the 
crown  when  a  top  heading  is  used  was  avoided,  and 
only  light  shooting  to  break  out  the  small  amount  of 
material  from  above  the  top  of  the  pioneer  bore  was 
required.  None  of  the  rock  above  the  crown  was  shat- 
tered, all  overbreak  being  the  result  of  material  break- 
ing away  from  well  defined  seams  above  the  neat  lines. 

In  driving  the  2,167-foot  tunnel  on  the  Big  Oak  Flat 
road,  it  was  decided  that  the  drilling  jumbo  developed 
for  the  two  short  tunnels  would  be  used,  but  that  it 
would  be  modified  to  provide  for  platforms  swinging 
from  the  main  jumbo  for  work  on  the  sides.  This 
eliminated  the  second  truck  with  platforms  which  had 
been  used  on  the  short  tunnels. 

LOADED  TRUCKS  PULLED  OUT  OF  TUNNEL  BY  ELECTRIC  HOIST 

Because  of  restrictions  on  the  location  at  which  the 
spoil  could  be  dumped,  the  Big  Oak  Flat  tunnel  was 
driven  down  grade.  On  down  grades  electric  haulage, 
besides  involving  a  large  capital  investment  and  instal- 
lation cost,  is  generally  not  efficient  and  involves  trans- 
fer of  the  material  to  trucks  for  the  further  haul  outside 
of  the  tunnel.  It  was  therefore  decided  that  trucks 
would  be  used  in  this  tunnel,  avoiding  the  necessity  of 
using  the  truck  engine  inside  the  tunnel  by  coasting 
the  trucks  in  and  pulling  them  out.  The  use  of  trucks, 
which  were  backed  into  the  tunnel  for  loading,  necessi- 
tated the  use  of  a  full  revolving  shovel  for  mucking. 

The  use  of  a  pioneer  bore  was  not  practical  because 
of  the  time  required  to  put  such  a  bore  through  and 
because  electric,  haulage  would  be  required.  The  drill- 
ing system  illustrated  in  figure  5  was  therefore  adopted. 
It  is  a  full  face  system  using  about  100  holes,  with  the 
cut  holes,  which  are  loaded  the  heaviest,  kept  well  away 
from  the  crown  of  the  tunnel. 

A  compressor  set-up  involving  approximately  1,250 
cubic  feet  of  air  per  minute  was  required  to  handle 
the  drilling  and  shop  work.  Six  drills  are  used,  each 
machine  being  of  the  automatic-feed,  drifter  type. 

The  drilling  and  blasting  were  done  in  two  shifts, 
each  shift  using  the  six  drills.  Holes  were  drilled  as 
shown  in  figure  5,  the  pointing  of  the  hole  and  the  proper 
distribution  of  electric  delay  detonators  being  checked 
by  the  shift  bosses.  All  blasting  was  done  by  elec- 
tricity, the  firing  switch  being  outside  the  tunnel.  It 
was  usually  possible  to  blast  about  2  hours  before  the 
mucking  shift  was  started,  thus  giving  ample  time  for 
ventilation  of  the  tunnel. 

Ventilation  was  provided  by  a  blower  with  a  24-inch 
ventilation  pipe,  supplemented  by  a  portable  blower 
and  a  12-inch  flexible  air  pipe  near  the  working  face. 
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Mucking  was  done  in  one  shift  by  a  full  revolving 
1%-cubic  yard  shovel  powered  with  an  electric  motor. 
Power  was  supplied  to  this  shovel  through  a  special 
three-conductor  drag  cable,  so  constructed  as  to  resist 
the  abrasive  and  cutting  action  of  the  rock  bottom. 

Hauling  was  done  with  5-cubic  van!  dump  trucks. 
A  double  drum  electric  hoist  was  mounted  outside  of 
the  tunnel  portal,  the  cable  between  the  two  drums 
being  endless  and  going  over  rollers  on  the  tunnel  floor 
and  around  a  tail  block  which  was  kept  about  40  feel 
from  the  working  face.  Hoisting  could  thus  be  done 
with  either  drum,  and  hoisting  of  a  truck  could  be 
started  as  soon  as  the  preceding  truck  was  outside 
the  tunnel.  Each  truck  was  equipped  with  a  60-foot 
choker  cable.  Trucks  were  coasted  into  the  tunnel 
backwards,  and  were  connected  to  the  hoisting  line, 
when  loaded,  by  means  of  a  special  choker  hook.  After 
clearing  the  tunnel  portal,  the  trucks  were  driven  under 
their  own  power  to  the  dump,  which  was  about  1  mile 
from  the  portal. 

Under  this  system  approximately  10  feet  to  12  feel 
were  advanced  per  cycle,  involving  the  full  24  hours. 
It  is  believed  that  the  same  system  could  be  used  to  give 
a  daily  advance  of  from  18  feet  to  20  feet  if  sufficient 
transmission  line,  transformers,  compressors,  and  drills 
were  used  so  that  larger  rounds  could  be  drilled  and 
blasted  in  8  hours  and  the  mucking  carried  on  in  two 
shifts,  but  this  system  would  involve  more  than  dou- 
bling the  amount  of  equipment. 

The  only  apparent  disadvantage  of  this  system  is  that 
if  bad  ground  is  encountered  the  full  face  is  open,  and 
timbering  is  very  difficult.  Nothing  but  full  timber 
sets  can  be  placed,  and  these  cannot  be  blocked  in  the 
center  of  the  tunnel  or  it  is  impossible  to  take  the  largo 
equipment  through.  On  a  short  stretch  of  heavy 
ground  encountered  in  the  Big  Oak  Flat  tunnel,  in 
order  to  avoid  blocking  the  roadway  to  movement  of 
equipment,  the  timbering  was  reinforced  with  concrete 
between  the  sets  for  the  full  depth.  This  concrete  was 
built  up  with  mortar  by  the  pneumatic  gun  placement 
method.  This  heavy  ground  also  necessitated  the  use 
of  a  heading.  Mucking  was  done  by  hand  for  a  short 
portion  of  the  section. 

The  ventilation  system  of  the  Wawona  tunnel  is  of 
particular  interest  and  will  be  discussed  in  some  detail.11 

Carbon-monoxide  gas  is  a  serious  menace  in  the 
operation  of  automobiles  in  tunnels.  The  pure  gas  is 
odorless,  tasteless,  and  invisible.  Its  very  toxic  effect 
does  not,  however,  produce  a  warning  symptom.  An 
ingenious  ventilation  system  was  installed  in  the 
Wawona  tunnel  in  Yosemite  Park  to  keep  the  tunnel 
free  from  too  great  a  concentration  of  this  dangerous 
gas. 

Meteorological  data  indicated  that  natural  draft 
could  not  be  relied  upon  entirely  as  it  was  extremely 
variable.  Calculations  showed  that  carbon-monoxide1 
gas  could  accumulate  to  dangerous  concentrations  dur- 
ing periods  of  heavy  traffic.  It  was  decided,  therefore, 
to  install  an  automatically  controlled  ventilation  sys- 
tem. Natural  draft  was  used  as  much  as  possible  and 
was  supplemented  by  the  ventilating  fans  when  needed 
to  keep  the  carbon-monoxide  concentration  within  safe 
limits. 

Three  horizontal  adits  or  smaller  tunnels  at  right 
angles  to  the  main  tunnel  were  driven  to  the  face  of  a 
cliff  to  assist  the  natural  draft.     Two  of  these  adits  are 


11  This  discussion  is  by  Walter  Champion,  Senior  Engineering  Aide.  United  States 
Bureau  of  Public  Roads'. 


Figure  26. — Exhaust  Air  Fans   Used   ix   Ventilating   the 
Wawona  Tunnel. 

7  feet  by  6  feet  and  300  feet  long.  They  are  located  at 
the  quarter  points  or  about  1,000  feet  from  their  respec- 
tive portals.  The  third  or  main  adit  is  of  the  same 
cross  section  area  as  the  tunnel  and  is  .".(10  feet  in  length. 
It  is  centrally  located,  and  in  it  are  installed  three 
9-foot  fans  with  a  combined  air  delivery  of  300,000 
cubic  feet  per  minute.      (See  fig.  2(3.) 

chemical  analyzers  determined  carbon  monoxide 
content  of  tunnel  air 

Each  fan  has  12  blades,  and  is  of  the  auto  vane,  ball 
bearing,  pedestal-mount  type.  The  capacity  of  each 
fan  at  full  speed  (400  revolutions  per  minute)  is  100,000 
cubic  feet  per  minute.  At  half  speed,  or  200  revolutions 
per  minute,  the  capacity  is  50,000  cubic  feet  per 
minute.  The  fans  are  connected  by  means  of  a  belt  to 
two-speed  induction  motors  of  25  and  12.5  horsepower 
when  operating  at  1,800  and  900  revolutions  per 
minute,  respectively. 

The  concentration  of  carbon  monoxide  in  the  tunnel 
is  determined  by  two  chemical  analyzers.  Samples  for 
each  analyzer  are  taken  through  a  1-inch  intake  pipe, 
one  pipe  taking  a  sample  of  air  in  the  eastern  half  of 
the  tunnel  and  the  other  a  sample  of  air  in  the.  western 
half.  Each  analyzer  is  equipped  with  a  rotary  air 
pump  and  draws  continuous  samples  of  air  through  its 
intake  pipe.  The  air  sample  is  thoroughly  cleansed  of 
all  dust  impurities  and  accurately  regulated  to  pre- 
determined volume  before  entering  a  hopcalite  cell  for 
the  determination  of  its  carbon-monoxide  content. 
The  concentration  of  carbon  monoxide  present  in  the 
air  sample  is  graphically  recorded  by  the  analyzer  on  a 
moving  paper  chart. 

In  the  hopcalite  cell  any  carbon  monoxide  in  the 
sample  air  starts  action  of  a  thermocouple  which  steps 
up  a  current.  Then  a  bridge  galvanometer  actuates  a 
carriage  with  motive  power  from  a  synchronous  motor. 
The  carriage  operates  6  contact  disks  which,  in  turn, 
control  the  fans.  This  carriage  also  carries  a  pen  which 
registers  on  a  roll  chart.  The  concentrations  of  carbon 
monoxide  and  the  corresponding  fan  operation  are 
given  in  table  3. 

A  selector  switch  enables  the  fans  to  be  controlled 
either  automatically  or  manually.  When  the  selector 
switch  is  set  to  operate  automatically,  the  automatic 
recorders  have  full  control  of  the  fans.  When  the 
switch  is  set  for  manual  operation  there  is  partial  auto- 
matic control  and  when  it  is  in  the  off  position  there  is 
full  manual  control. 
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Table   3. 


-Fan    operation   for    various    concentrations    of   carbon 
monoxide  in  the  Wawona  tunnel 


rts  of  carbon  monoxide  per  10,000 
parts  of  air 

Fan  operation 

Pa 

Number 
operat- 
ing 

Speed 

Capacity 

0  49 

Ft.  p.  in. 

Cu.  ft.  per  min. 

0.5  .                                                

1 
2 
3 

{              2 

{              2 
3 

200 
200 
200 
400 
200 
200 
400 
400 

50, 000 

1.0  .                  -- 

100,  000 

1.5                                             ..   .       .   

150,000 

2.0  ..     -. .            

100, 000 
100,  000 
50,  000 
200,  000 
300,  000 

2.5    .       

3.0 

A  more  detailed  description  of  the  analyzers  and  the 
switch  controls  follows: 

The  whole  sampling  operation  is  accomplished  with  the  equip- 
ment shown  in  figure  27  by  passing  the  sample  of  air  through  a 
charcoal  trap  and  a  sulphuric  acid  bath  where  dust,  dirt,  and 
moisture  are  removed.  The  sample  next  passes  through  a  filter 
tower  of  alternate  layers  of  charcoal,  cotton,  and  glass  wool, 
where  acid  spray  and  other  impurities  are  removed.  The 
sample  continues  on  through  a  soda,  lime,  and  charcoal  cannister 
that  neutralizes  or  filters  out  any  remaining  acid  fumes,  gases, 
and  impurities.  The  sample  now  passes  into  the  flow  meter 
where  it  is  regulated  to  a  continuous  volume  of  48  liters  per 
minute.  The  regulation  is  automatic,  since  any  increase  in 
resistance  to  the  left  of  the  capillary  orifice  is  transmitted  to  the 
right  of  the  capillary  tube,  through  the  water  head  reservoir, 
water  cylinder,  and  bubbling  tube.  Raising  or  lowering  the 
bubbling  tube  changes  its  hydrostatic  head  in  the  water  cylinder, 
which  proportionately  changes  the  air  flow  by  bubbling  out  sur- 
plus sample  air  to  the  atmosphere.  The  sample  next  passes 
through  a  calcium  chloride  drying  tube  that  removes  any  mois- 
ture picked  up  in  the  flow  meter.     (See  fig.  27.) 

The  prepared  sample  then  passes  through  a  tubular  heating 
coil  immersed  in  the  steam  bath  where  it  is  warmed  before 
entering  the  hopcalite  cell  for  analysis.  The  hopcalite  cell  is 
also  immersed  in  the  bath,  permitting  the  thermocouple  to 
generate  a  continuous  normal  current.  The  bath  is  maintained 
at  a  constant  uniform  temperature  of  208  degrees  F.12  by  an 
electric  heating  element,  assisted  by  an  air-cooled  condenser 
which  removes  resulting  steam.  The  thermocouple  contains  36 
joints,  half  of  which  are  imbedded  in  active  hopcalite  and  form 
the  hot  pole,  while  the  other  half  are  imbedded  in  inert  pumice 
and  form  the  cold  pole.  The  sample  of  air,  in  passing  through 
the  cell,  comes  in  contact  with  the  hopcalite,  and  any  carbon 
monoxide  present  in  the  sample  sets  up  a  catalytic  oxidation, 
the  intensity  of  which  is  proportional  to  the  concentration. 
The  resultant  heat  reacts  on  the  hot  joints  of  the  thermocouple, 
causing  the  generation  of  an  electric  current,  the  intensity  of 
which  is  proportional  to  the  degree  of  heat  developed  by  the 
catalytic  oxidation.  The  current  thus  generated  in  the  hot 
pole  is  conducted  through  a  bridge  galvanometer,  where  it  is 
measured  in  millivolts  and  returned  to  the  cold  pole,  completing 
the  circuit. 

The  thermocouples  of  the  analyzers  are  connected  to  the 
galvanometers  of  their  respective  recorders  through  a  bridge  or 
split  potentiometer  circuit  as  shown  in  figure  27.  The  circuit 
is  electrically  balanced  through  the  medium  of  rheostat  Rl  and 
potentiometers  P1-P2,  until  that  portion  of  the  dry-cell  current 
equals  the  normal  current  generated  in  the  thermocouples  by 
the  heat  action  of  the  steam  bath.  When  the  circuit  is  thus  in 
electrical  balance,  there  will  be  no  flow  of  current  through  the 
galvanometer;  however,  when  catalytic  oxidation  occurs  and 
generates  a  current  of  higher  value  than  the  normal  current, 
the  electrical  balance  will  be  upset  and  cause  the  galvanometer 
proportionately  to  deflect  from  zero.  The  current  of  the  elec- 
trical balance  is  established  at  the  time  of  calibration  of  the 
analyzers.  The  electrical  balance  is  checked  or  compared  with 
this  value  every  30  minutes  by  the  automatic  closing  of  cam 
switch  SI,  which  connects  the  standard  or  mercury  cell  into  the 
circuit  comparing  the  dry-cell  voltage  across  resistances  R2- 
R3-R4— R5,  and  compensating  any  differences  by  adjusting 
Rl    and    PI.     The    galvanometer    draws    about    10    millivolt- 

"  This  is  above  the  boiling  point  of  water  at  this  elevation. 


amperes  for  full  scale  deflection  or  registration  of  10  parts  of 
carbon  monoxide.  The  dry-cell  voltage  of  1.5  volts  is  reduced 
to  1  volt  through  the  rheostat  Rl.  When  the  cell  voltage  drops 
to  1  volt  the  cell  should  be  replaced.  The  standard,  or  mercury 
cell,  is  in  the  circuit  only  half  a  minute  in  every  half-hour  and 
should  last  indefinitely. 

When  concentrations  are  below  0.5  part,  the  pen  carriage 
contacts,  HI  to  H6,  are  open  and  their  associated  C.L.  con- 
tacts are  closed,  and  relays  Rl  to  R12  are  de-energized  as  shown 
in  figure  27.  As  concentrations  increase  and  the  pen  carriage 
moves  up  the  scale,  the  contact  disks  1  to  6,  progressively,  open 
their  C.L.  contacts  and  close  the  associated  H  contact.  Assume 
recorder  A  pen  carriage  to  be  moving  up  the  scale  closing  con- 
tacts H1-H2-H3.  As  the  contacts  close,  their  respective  oper- 
ating coils  Nos.  1-2-3  of  low-speed  relays  R1-R2-R3  are  ener- 
gized and  pull  in,  energizing  in  turn  the  operating  coils  L1-L2- 
L3  of  line  contactors  R10-R11-R12,  which  "Y"  connects  the 
fan  motors  to  8  poles  and  operates  them  on  low  speed  or  900 
revolutions  per  minute.  As  the  pen  carriage  continues  up  the 
scale  and  closes  contacts  H4-H5-H6,  their  associated  operating 
coils  Nos.  4-5-6  of  high  speed  relays  R7-R8-R9  are  energized 
and  pull  in,  dropping  out  the  low  speed  relays  and  line  con- 
tactors, and  energizing  the  operating  coils  H1-H2-H3  of  line 
contactors  R10-R11-R12,  which  delta  connects  the  fan  motors 
to  4  poles  and  operates  them  on  high  speed  or  1,800  revolutions 
per  minute. 

When  the  concentrations  decrease  and  the  pen  carriage  re- 
turns down  scale,  the  "H"  contact  will  open,  first  followed  by 
the  closing  of  its  respective  C.L.  contacts.  As  the  contacts 
C.L.6-C.L.5-C.L.4  close,  the  holding  current  of  relays 
R9-R8-R7  through  their  contacts  Al  will  be  by-passed  around 
the  operating  coil  through  the  C.L.  contacts  to  the  coil  resistor 
and  LX2,  causing  them  to  drop  out  and  open  the  line  contactors' 
high-speed  operating  coils,  removing  the  motors  from  the  line. 
As  the  high  speed  relays  R9-R8— R7  open,  the  time  delay  relays 
R4-R5-R6  start  and  run  through  a  pre-set  time  of  5  minutes, 
allowing  the  fans  to  coast  down  from  400  to  200  revolutions  per 
minute,  before  permitting  the  low  speed  relays  R1-R2-R3  to 
pull  in  and  apply  power  to  the  motors  for  operation  on  low 
speed.  If  the  pen  carriage,  in  coming  down  the  scale,  closes 
the  contacts  C.L.3-C.L.2-C.L.1,  before  their  respective  time 
delay  relays  run  out  the  time,  the  fans  will  coast  on  down  to 
rest  without  going  on  low  speed.  The  time  delay  relays  are 
adjustable  from  0  to  33  minutes  and  are  used  to  prevent  reactive 
current  and  strain  on  the  fan  blades.  Recorder  B  is  an  exact 
duplicate  of  recorder  A  and  controls  the  relays  R1-R2-R3-R7- 
R8-R9  through  the  duplicate  operating  coils  1.1  to  6.1,  which 
in  turn  control  the  same  line  contractors  and  time  delay  relays 
as  did  recorder  A.  The  recorder  registering  the  highest  con- 
centration takes  precedence  in  governing  the  fans  to  that 
concentration. 

At  48-hour  intervals,  the  8  pounds  of  sulphuric  acid  in  the  air- 
scrubbing  train  in  the  analyzer  is  renewed,  and  about  1  pint  of 
water  added.  The  chart  rolls  of  the  graphic  recorders  are  re- 
placed once  a  month.  The  drying  tubes  are  repacked  every  4 
months  with  2  pounds  of  anhydrous  lump  calcium  chloride.  The 
canister  is  refilled  twice  a  year  with  a  mixture  of  soda  lime  and 
charcoal.  The  charcoal  trap  and  tower  filter  are  refilled  once  a 
year  with  activated  lump  charcoal.  The  hopcalite  cell  is  re- 
packed twice  a  year  with  approximately  1.7  ounces  of  14-mesh 
hopcalite  and  0.48  ounce  of  14-mesh  pumice,  after  which  it  must 
be  recalibrated.  Pure  carbon  monoxide  gas  for  calibrating  the 
analyzers  and  recorders  is  manufactured  in  the  control  room  by 
slowly  dripping  formic  acid  on  hot  sulphuric  acid.  Electric 
lamps  last  for  about  1,800  hours  of  burning  and  are  replaced  as 
they  burn  out;  reflectors  are  washed  twice  a  year. 

VENTILATING   AND  LIGHTING  COST  DATA  GIVEN 

The  motor  grouping  switch  is  manually  controlled 
and  has  three  positions.  When  set  on  the  first  position 
fan  No.  1  comes  on  first  followed  by  Nos.  2  and  3. 
When  set  on  the  second  position  fan  No.  2  comes  on 
first  followed  by  Nos.  3  and  1.  When  set  on  the  third 
position  fan  No*  3  comes  on  first  followed  by  Nos.  1  and  2. 
The  switch  is  shifted  to  a  new  position  once  a  week; 
thus  distributing  the  wear  on  the  fans  and  motors, 
otherwise,  one  or  two  fans  would  receive  most  of  the 
wear. 

Each  portal  is  equipped  with  a  semaphore  traffic 
warning  signal  which  automatically  drops  to  the  stop 
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Figure  27. — Schematic  Diagrams  of  Carbon  Monoxide  Analyzers,  Carbon  Monoxide  Recorder,  and  Fan  Relay  Con- 
troller Installed  in  the  Wawona  Tunnel. 
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position  if  carbon  monoxide  concentrations  become 
excessive.  Telephones  are  installed  at  each  portal  and 
in  the  center  adit.  They  all  are  connected  to  the  Na- 
tional Park  Service  switchboard  in  Yosemite  National 
Park  and  provide  a  means  of  communication  when 
necessary. 

Electrical  energy  for  light  and  power  is  supplied  by  a 
hydroelectric  plant  at  2,300  volts,  GO  cycles,  3-phase. 
It  is  transmitted  to  the  tunnel  through  an  overhead 
transmission  line  carried  on  steel  poles.  The  trans- 
mission line  is  of  considerable  interest.  It  is  approxi- 
mately 8,000  feet  long  and  has  numerous  spans  of  400 
to  600  feet  between  poles.  One  span  is  1,200  feet  long, 
with  a  difference  in  elevation  of  supports  of  850  feet.  A 
control  room  located  in  the  central,  or  fan  adit,  houses 
the  analyzers,  recorders,  switchboard,  transformers,  etc. 
The  total  load  is  98. G  kilowatts,  distributed  as  follows: 

Kilowatts 

Tunnel  lighting 32.  1 

Ventilation —      57.  5 

Analyzers,  recorders 6.  5 

Signals,  relays,  controls 2.  5 

Total 98.  6 

Inspection  of  all  the  apparatus  is  made  every  48  hours. 

The  necessity  of  artificial  ventilation  to  augment 
natural  draft  is  borne  out  in  table  4  which  shows  carbon 
monoxide  gas  concentrations  and  traffic  data  for  a 
12-hour  period  on  May  30,  1937. 

Table  4. —  Carbon  monoxide  gas  concentrations  and  traffic  data  for 
a  12-hour  -period  on  May  SO,  1937  (Wawona  tunnel)1 


Time 

Carbon 
monoxide 

in  parts 
per  10,000 

parts  of 
air 

Traffic 

6  to  7  a  in.. 

0.3 
.4 
.5 
3.3 
5.6 
4.4 
3.5 
0.1 
3.6 
3.9 
2.0 
2.0 

125 

7  to  8  a  m._                                    

200 

175 

9  to  10  a.  m 

250 

10  to  11  a.  m_._              

350 

11  to  12  m 

500 

12  to  1  p.  m 

558 

1  to  2  p.  m_   .. 

615 

2  to  3  p.  m   .             

820 

3  to  4  p.  m ._ _ 

737 

4  to  5  p.  m 

610 

5  to  6  p.  m 

400 

Average  or  total... 

3.0 

5,340 

1  Total  power  consumption  for  ventilation,  lights,  etc.  for  24-hour  period  was  1,150 
kilowatt-hours. 

The  total  construction  cost  of  the  tunnel  amounted  to 
$563,729.31.     Of  this  amount,  $39,693.33,  or  7  percent, 


was  expended  for  ventilation  and  lighting  equipment 
distributed  as  follows: 

('arl)on  monoxide  analyzers,  recorders,  etc $10,061.  49 

Ventilation  fans,  motors,  transformers,  etc 8,  394.  95 

Lighting  units,  transformers,  conduits,  etc 6,  440.  89 

Automatic  switchboard,  relays,  controls,  etc 2,  184.  00 

Telephones,  cable  transmission  line 1,913.00 

Warning  signals,  devices,  cable,  etc 1,555.00 

2,300  volt  transmission  line,  power  panel,  etc 9,  144.  00 

Total 39,693.33 

The  estimated  traffic  for  the  last  11  months  of  1936 
was  167,830  vehicles  and  the  operating  cost  amounted 
to  $4,624.45,  distributed  as  shown  in  table  5. 

The  estimated  traffic  for  the  first  6  months  of  1937 
was  102,993  vehicles  and  the  operating  cost  amounted 
to  $1,964.45,  distributed  as  shown  in  table  6. 

Table  5. — Power  consumption  and  operation  costs  for  lighting  and 
ventilating  Wawona  tunnel,  last  11  months  of  1986 


Month 


February. . 

March 

April 

May 

June 

July 

August 

September. 

October 

November. 
December.. 

Total 


Power  con- 
sumption 
for  lighting 
and  venti- 
lation 


Kilow 
13 

10, 
22. 
26. 
25i 
26. 
2ft 
23 
11 
3 
4. 


alts 
080 

,700 
360 
Mil 
.'711 
240 
220 
020 
870 

UNO 

,  580 


193,  830 


Cost1 


$190  2(1 
100.  50 
335.  40 
402.  15 
379.  05 
393.  60 
393.  30 
345.  30 
178.  05 
55.20 
68.70 


2  2,  907.  45 


1  At  $0,015  per  kilowatt-hour. 

2  The  cost  of  inspection,  maintenance,  and  repairs  (labor)  was  $1,609;  the  cost  of  ma- 
terial and  supplies  was  $108;  making  a  total  cost  of  $4,624.45. 

Table  6. — Power  consumption  and  operation  costs  for  lighting  and 
ventilating  Wawona  tunnel,  first  6  months  of  1937 


Month 

Power  con- 
sumption 
for  lighting 
and  venti- 
lation 

Cost  i 

Kilowatts 
14,  270 
10, 460 
11,420 
12,  290 
21, 300 
23,  890 

$214.  06 

156. 90 

March      ..  . .  _. 

171.30 

184.  35 

May..  -. 

319.  50 

June ...        . 

358.  35 

Total  

93, 630 

2  1,  404.  45 

1  At  $0,015  per  kilowatt-hour. 

2  The  cost  of  inspection,  maintenance,  and  repairs  (labor)  was  $500;  the  cost  of  ma- 
terial and  supplies  was  $00;  making  a  total  cost  of  $1,964.45. 


INDEX  TO  PUBLIC  ROADS,  VOLUME  18,  NOW  AVAILABLE 


The  index  to  volume  18  of  Public  Roads  is  now 
available.  In  addition  to  the  index  a  chronological 
list  of  articles  and  a  list  of  authors  are  given.  The 
index  will  be  sent  free  to  subscribers  to  Public  Roads 
requesting  it.  Requests  should  be  addressed  to  the 
Bureau  of  Public  Roads,  United  States  Department  of 
Agriculture,  Washington,  D.  C. 


Indexes  to  volumes  6  to  17,  inclusive,  are  also  avail- 
able and  will  be  sent  to  Public  Roads  subscribers  upon 
request.  Indexes  to  volumes  1  to  5,  inclusive,  have 
never  been  prepared  and  it  is  not  expected  that  these 
volumes  will  ever  be  indexed. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report   of   the  Chief   of   the   Bureau  of   Public   Roads,    1931. 
10  cents. 

Report   of   the  Chief   of   the   Bureau  of   Public  Roads,    1933. 
5  cents. 

Report  of   the  Chief   of   the   Bureau  of   Public  Roads,    1934. 
10  cents. 

Report   of   the  Chief   of   the   Bureau  of   Public   Roads,    1935. 
5  cents. 

Report  of   the   Chief   of   the   Bureau  of  Public   Roads,    1936. 
10  cents. 

Report   of   the  Chief  of   the   Bureau  of  Public   Roads,    1937. 
10  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1    .    .        Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.      15  cents. 

Part  2  .  Skilled  Investigation  at  the  Scene  of  the  Acci- 

dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .    .    .    Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Part  4  .        .    Official  Inspection  of  Vehicles.     10  cents. 

Part  5  Case  Histories  of  Fatal  Highway  Accidents. 

10  cents. 

Part  6  .  The  Accident-Prone  Driver.     10  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP        .    The  Results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 

No.  I91MP      .    Roadside  Improvement.     10  cents. 

No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 

No.  279MP         Bibliography  on  Highway  Lighting.     5  cents. 

Highway  Accidents.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Federal   Legislation   and    Rules   and    Regulations    Relating   to 
Highway  Construction.     15  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.     15  cents. 

Highway  Bond  Calculations.     10  cents. 


DEPARTMENT  BULLETINS 

No.  I279D 


Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D  .    .    Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 

No.  55T   .    .    .    Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .        Electrical    Equipment    on    Movable    Bridges. 
35  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .        Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a  Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act 

Act  II.-- Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.— Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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THE  EFFECT  OF  USING  A  BLEND  OF  PORT- 
LAND AND  NATURAL  CEMENT  ON  THE 
PHYSICAL  PROPERTIES  OF  MORTAR  AND 
CONCRETE ' 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  W.  F.  KELLERMANN,  Associate  Materials  Engineer,  and  D.  G.  RUNNER,  Assistant  Materials  Engineer 


WITHIN  the  last  few  years  considerable  scaling  of 
concrete  pavements  has  resulted  from  the  use  of 
chemical  salts  in  ice  treatment  in  the  Northern 
States.  In  an  effort  to  combat  this  condition  the  New- 
York  State  highway  department  began  about  4  years 
ago  to  experiment  with  a  blend  of  portland  and  natural 
cement  for  concrete  pavement  construction. 

Preliminary  tests  made  in  the  laboratory  of  the  New 
York  Department  of  Public  Works  indicated  that  con- 
cretes containing  blends  of  portland  and  natural  cements 
had  greater  resistance  to  alternate  freezing  and  thawing 
in  a  solution  of  calcium  chloride  than  had  concretes 
containing  only  portland  cement.  These  preliminary 
laboratory  experiments  were  followed  by  the  construc- 
tion of  a  number  of  experimental  sections  of  actual 
pavements,  using  portland  cements  of  various  chemical 
compositions  and  two  natural  cements,  both  made  in 
New  York  State  and  both  readily  available  commer- 
cially. 

The  Bureau  of  Public  Roads  became  interested  in 
this  worknotonly  from  the  technical  viewpoint  but  also 
because  of  a  request  from  the  Division  of  Highways  of 
the  New  Yrork  Department  of  Public  Works  for  per- 
mission to  conduct  certain  of  its  field  experiments  on 
pavements  financed  either  wdiolly  or  in  part  with  Fed- 
eral funds.  It  was  felt  that  before  approving  the  use 
of  blended  cements  on  any  extended  mileage  of  highw  ay 
very  definite  information  should  be  obtained  regarding 
their  effect  on  other  essential  qualities,  such  as  strength 
volume  change,  etc.,  and,  furthermore,  that  these  tests 
should  be  made  in  the  laboratory  under  closely  con- 
trolled conditions. 

This  paper  reports  the  results  of  such  a  study  as  well 
as  the  results  of  a  series  of  freezing  and  thawing  tests  on 
specimens  taken  from  certain  of  the  experimental  pave- 
ments referred  to  above.  The  data  on  laboratory  fab- 
ricated specimens  are  presented  hi  two  sections,  the 
first  dealing  with  tests  of  mortars,  and  the  second  with 
concretes.  The  results  of  freezing  tests  on  concrete 
cores  are  discussed  in  a  third  section. 

Tests  on  the  mortar  specimens  included  determina- 
tions of  crushing  strength,  flexural  strength,  absorption, 
density,  durability,  and  volume  change.  Two  port- 
land  cements,  differing  considerably  in  chemical  com- 
position, and  two  sands  of  widely  different  mineral  com- 
position were  used  in  this  portion  of  the  investigation. 
Tests  on  concrete  specimens  fabricated  in  the  labora- 
tory included  determinations  of  crushing  strength,  flex- 
ural strength,  and  modulus  of  elasticity,  using  the  same 
two  portland  cements  with  local  fine  and  coarse  aggre- 
gate. One  brand  of  natural  cement  was  used  in  all 
specimens  fabricated  in  the  laboratory. 


1  Paper  presented  at  the  forty-first  annual  meeting  of  the  American  Society  fur 
Testing  Materials,  Atlantic  City,  N.  J.,  1938. 
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The  freezing  tests  discussed  in  the  third  part  of  the 
report  were  made  on  cores  taken  from  four  of  the 
experimental  concrete  pavements.  Two  natural  ce- 
ments as  well  as  portland  cements  conforming  to  four 
different  classifications  as  to  compound  composition 
were  used  in  these  roads.  Core  specimens  were  taken 
from  sections  in  which  straight  portland  cement  was 
used  as  well  as  from  sections  containing  blends  in  the 
proportion  of  6  parts  of  portland  cement  to  1  part  of 
natural  cement,  and  5  parts  of  portland  cement  to  2 
parts  of  natural  cement,  by  weight.  These  specimens 
were  subjected  to  alternate  freezing  and  thawing  in 
water  and  in  a  10  percent  solution  of  commercial 
calcium  chloride. 

REPRESENTATIVE  MATERIALS  USED  IN  LABORATORY  FABRICATED 
SPECIMENS 

The  two  portland  cements  included  one  brand  from 
the  Hudson  River  Valley  region,  designated  as  cement 
A,  and  one  from  the  Lehigh  Valley  of  Pennsylvania, 
designated  as  cement  B.  Both  cements  satisfactorily 
met  the  requirements  for  portland  cement  of  the  Ameri- 
can Society  for  Testing  Materials.  The  natural  cement 
represented  material  produced  in  the  northeastern  part 
of  the  United  States  and  is  typical  of  the  old  type  pro- 
duced in  vertical  kilns.  The  fineness  as  determined  by 
the  Wagner  turbidimeter  w^as  about  the  same  for  both 
portland  cements,  but  the  natural  cement  had  a  fine- 
ness more  nearly  corresponding  to  that  of  high- 
early-strength  cement.  The  results  of  the  physical  and 
chemical  tests  on  the  three  cements  are  shown  in 
table  1. 

Three  concrete  sands  were  used  in  the  investigation. 
Sands  A  and  C  were  composed  essentially  of  quartz, 
and  sand  B  consisted  essentially  of  shale  and  quartz 
particles  with  appreciable  amounts  of  limestone,  slate, 
and  sandstone.  The  sieve  analyses  and  physical  prop- 
erties of  the  three  sands  and  the  coarse  aggregate  used 
in  the  tests  are  given  in  table  2.  The  coarse  aggregate 
used  in  the  laboratory  fabricated  concrete  specimens 
was  a  limestone  of  known  satisfactory  quality  and 
graded  uniformly  from  No.  4-  to  1  Jo-inch  material. 

For  the  various  tests  on  mortars,  each  portland 
cement  and  blend  was  used  with  each  sand.  Specimens 
were  made  using  100  percent  portland  cement  and 
using  two  blends,  one  in  which  14  percent  and  the  other 
in  which  28  percent  by  weight  of  portland  cement  was 
replaced  by  natural  cement.  These  values  correspond 
to  the  percentages  of  natural  cement  used  in  the  New 
York  experimental  roads,  which  were  of  the  order  of 
1  sack  or  2  sacks  in  a  7-sack  batch,  or  14  and  28  per- 
cent, respectively. 

For  each  of  the  portland  cements,  a  sufficient  quan- 
tity of  water  was  added  to  the  straight  portland  cement- 
sand  A  mixture  to  give  a  flow  of  approximately  90  on 
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Table    1. — Properties   of  cements   used   in   laboratory  fabricated 
specimens 

PHYSICAL  PROPERTIES 


Item 


Apparent  specific  gravity 

Specific  surface,  cm'/cm 

Percent  retained  on  No.  200  sieve 

Normal  consistency,  percent 

Time  of  set,  hours: 

Initial 

Final 

Tensile  strength,  lb.  per  sq.  in.: 

7  davs 

28  days 


Cement 

Cement 

A 

B 

3.  14 

3.11 

1,730 

1,  805 

7.  1 

9.fi 

23.7 

24.0 

33 

2.9 

5.1 

4.9 

380 

370 

445 

445 

Natural 
cement 


3.00 

2.680 

10.5 

26.0 

1.1 

1.8 

50 
150 


CITEMICAL  ANALYSES 


Oxides 

Silica. 

Alumina - 

Iron 

Lime 

Magnesia 

Sulphuric  anhydride. 

Loss  on  ignition 


Percent 

Percent 

22.41 

20.80 

4.78 

6.47 

3.72 

2.38 

64.55 

63.22 

1.  15 

3.45 

1.72 

1.77 

).?7 

1.47 

Percent 
24.91 

9.65 

33.93 

19.92 

1.42 

8.55 


COMPUTED  COMPOUND  COMPOSITIONS 


Compounds 

Tricaleium  silicate 

Dicalcium  silicate . 

Tricaleium  aluminate 

Tetracalciuxn  alumino-ferrite. . . 


50 

47 

26 

25. 

6 

13 

11 

7 

Table  2.—  Properties  of  aggregates 
SIEVE  ANALYSES  OF  FINE  AGGREGATES 


Total  retained  on— 

Sand  A 

Sand  B 

Sand  C 

0 
2 
11 
27 
49 
84 
97 
2.70 

0 
4 
21 
45 
67 
87 
95 
3.19 

0 

7 

24 

No.  16  sieve 

39 

No.  30  sieve 

53 

86 

No.  100  sieve      .  - 

97 

3.06 

PHYSICAL  PROPERTIES 


Item 


Absorption,  percent 

Organic  matter 

Dccantation  loss,  percent. _ . 
Compressive  strength  ratio: 

7days 

28  days 

Percentage  of  wear,  Deval.. 


Sand  A 


0.3 
) 
1.4 


(') 


140 
130 


Sand  B 


2.2 
) 
2.5 


0) 


123 
124 


Sand  C 


0.9 


(') 


121 
121 


Coarse 
aggregate 


0.32 


3.0 


1  Satisfactory. 

the  10-inch  flow  table.  The  same  quantity  of  water 
was  then  used  in  all  other  mixtures  containing  this 
cement.  This  resulted  in  slightly  lower  flows  (drier 
mortars)  for  the  mixtures  containing  sand  B  and  also 
somewhat  lower  flows  for  the  mixtures  containing 
natural  cement.  All  mixtures,  however,  were  plastic 
and  workable,  insofar  as  could  be  determined  when 
fabricating  the  test  specimens.  The  consistencies  of 
the  various  mixes,  as  determined  by  the  use  of  the  10- 
inch  flow  table,  are  shown  in  table  3. 

An  outline  of  the  various  tests  made  on  the  mortar 
specimens  follows. 

1.  Determinations  of  crushing  and  flexural  strengths 
of  2-inch  cubes  and  2-  by  3-  by  18-inch  beams,  using 
a  mix  of  1:2  by  weight.  Specimens  were  cured  con- 
tinuously in  water  at  70°  F.,  and  broken  at  ages  of  7, 


Figure    1. — Horizontal    Comparator   Used    in    Measuring 
Length  Change  of  Mortar  Beams. 

Table  3. — Consistencies  of  mortars  as  determined  by  the  10-inch 

flow  table 


MIXTURES  CONTAINING  SAND  A 

Percentage  of  Portland  cement  replaced 

Cement  A  . 

Cement  B 

by  natural  cement 

Beams 

Cubes 

Beams 

Cubes 

0 - 

14 

91 
87 
83 

93 
90 
83 

93 
90 
88 

93 
89 

28 

85 

MIXTURES  CONTAINING  SAND  B 


83 

83 

85 

79 

76 

82 

74 

70 

79 

85 
80 
78 


28,  90,  180,  and  360  days.  Duplicate  sets  of  speci- 
mens were  cured  in  air  (with  7  days  initial  water  cure) 
and  broken  at  28,  90,  180,  and  360  days.  Beam 
specimens  were  broken  as  cantilevers,  using  portions 
of  the  same  beam  for  tests  at  various  ages. 

2.  Determinations  of  tensile  strength  of  briquets 
containing  standard  Ottawa  sand  in  a  1:3  mix  by 
weight.     Specimens  were  broken  at  7  and  28  days. 

3.  Tests  for  volume  change  on  2-  by  3-  by  18-inch 
beams,  using  a  1 :2  mix  by  weight.  One  set  of  specimens 
was  stored  in  air  for  120  days,  the  other  continuously 
in  water  at  70°  F.  for  180  days.  As  a  supplementary 
portion  of  this  phase  of  the  work,  after  180  days  of 
water  storage  the  beams  were  frozen  and  thawed  for 
6  cycles,  dried  at  120°  F.  for  4  days,  and  resaturated 
in  water  at  70°  F.  for  3  days,  after  which  the  freezing 
and  thawing  cycle  was  again  repeated.  In  this  test 
measurements  of  length  were  made  at  the  conclusion  of 
each  3-day  resaturation  period.  The  linear  comparator 
used  in  all  measurements  of  volume  change  is  shown 
in  figure  1. 

4.  Miscellaneous  tests  included  absorption  and  bulk 
specific  gravity  tests  on  2-  by  4-inch  cylinders  of  1:2 
mortar,  sodium  sulphate  soundness  tests  on  1-  by  1- 
by  6-inch  bars,  using  a  mix  of  1 : 5  by  weight  of  Ottawa 
sand,  and  autoclave  tests  on  1-  by  1-  by  10-inch  neat 
cement  bars. 

USE  OF  BLENDED  CEMENTS  DECREASED  STRENGTH  OF  MORTARS 

The  results  obtained  in  the  strength  tests  of  mortars 
are  given  in  tables  4  to  7,  inclusive,  and  are  shown  graph- 
ically in  figures  2  to  5  inclusive.     In  the  figures,  the 
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values  have  been  plotted  so  as  to  show  on  the  left  the 
average  results  for  the  two  sands  with  each  cement  and 
on  the  right  the  average  results  for  the  two  cements 
with  each  sand. 

Table  4  and  figure  2  give  the  results  of  crushing  tests 
on  specimens  continuously  water  cured.  When  the 
results  are  averaged  as  in  the  figure  it  will  be  seen  that, 
for  each  combination  of  materials,  the  straight  port- 
land  cement  mixes  developed   the  greatest  strengths 

Table  4. — Crushing  strengths  of  2-inch  mortar  cubes,  mix  1:2 
by  weight,  water  cured 

CEMENT  A— SAND  A 


Percentage 
of  portland 

cement 

replaced  by 

natural 

cement 

7  days 

28  days 

90  days 

180  days 

360  days 

0.. 

14 

Lb.  per 
sq.  in.' 
6.180 
5, 805 
4,620 

Per- 
cent 2 
100 
94 

75 

Lb.  per 
sq.  in.' 
8,  570 
7,360 
6,105 

Per- 
cent ■ 
100 
86 
71 

Lb.  per 
sq.  in.' 
9,625 
8,580 
7,255 

Per- 
cent ! 
100 
89 

75 

Lb.  per 
sq  in.' 
9,910 
9,005 
7,595 

Per- 
cent 2 
100 

91 

77 

Lb.  per 
sq.  in.' 
9,990 
9,320 
8,290 

Per- 
cent * 
100 
93 

28 

83 

CEMENT  A— SAND  B 


0_. 

14. 
28. 

0~ 

14. 
28. 

0- 
14. 
28. 


5,000 

100 

6,976 

ino 

8,280 

100 

9,126 

100 

9,645 

5,010 

100 

6,555 

94 

7,740 

94 

8,270 

91 

9,245 

4,430 

89 

5,845 

84 

7,190 

87 

7,880 

86 

8,660 

100 
96 
90 


CEMENT  B— SAND  A 


6,400 

100 

8,375 

100 

9,825 

100 

9,665 

100 

9,355 

5,090 

80 

6,710 

80 

8,165 

83 

8.695 

90 

8,620 

4,130 

65 

5,420 

65 

6,920 

70 

7,175 

74 

7,490 

100 
92 
80 


OEM  KNT  B— SAND  B 


5,015 

100 

6,815 

100 

7,840 

100 

8,620 

100 

8,980 

4,745 

95 

6,140 

90 

7,  345 

94 

7.  725 

90 

8,  590 

3, 930 

78 

5,215 

77 

6,645 

85 

7,120 

83 

7,735 

100 
96 
86 


'  Each  value  is  the  average  of  15  tests. 

2  Figures  indicate  percentage  of  the  strength  of  100  percent  Portland  cement  mixes. 

Table  5.-  -Crushing  strengths  of  2-inch  mortar  cubes,  mix  1:2  by 
weight,  air  cured  after  7-day  initial  water  cure 

CEMENT  A-SAND  A 


Percentage  of 
Portland  ce- 
ment replaced 
by  natural 
cement 

28  days 

90  days 

180  days 

360  days 

0 

Lb.  per 

sq.  in.' 

8,825 

8,155 

6,895 

Percent2 
100 
92 
78 

Lb.  per 

sq  in.' 

8,870 

8,550 

7,335 

Percent2 
100 
96 
83 

Lb.  per 

sq.  in.' 

8,715 

8,535 

7,540 

Percent2 
100 
98 
87 

Lb. per 

sq.  in.' 

9,085 

8,865 

7,870 

Percent2 
100 

14 

98 

28 

87 

CEMENT  A— SAND  B 


0.. 
14. 
28. 


7,  205 

100 

7,555 

100 

7,870 

100 

7,105 

7,  170 

100 

7,470 

99 

7,780 

99 

6,885 

6,540 

91 

7,100 

94 

7,210 

92 

6,295 

CEMENT  B— SAND  A 


8.755 

100 

8,975 

100 

9,040 

100 

8,  765 

7,630 

86 

7,980 

89 

8,255 

91 

8, 175 

6,290 

72 

6,705 

75 

7,065 

78 

6,920 

100 
93 


CEMENT  B- 

-SAND  B 

0 

7,040 
6,700 
5,495 

100       7,425 
95       6,895 
78       5,505 

100 
93 

74 

7,670 
7,465 
5,825 

100 
97 
76 

7,195 
6,525 
6,040 

100 

14 

91 

28 

84 

'  Each  value  is  the  average  of  15  tests. 

1  Figures  indicate  percentage  of  the  strength  of  100  percent  Portland  cement 


mixes. 


SANDS  A&B 
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EFEECT  Of  CEMENT  EFFECT  OF  SAND 

a— ^  100%  PORTLAND.  o«  8b  %  PORTLAND,  14  %  NATURAL 

+-+  72%  portland,  28%natural 

Figure  2. — Effect  of  Blending  Portland  and  Natural 
Cement  on  the  Crushing  Strength  of  2-Inch  Mortar 
Cubes  Cured  in  Water. 
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AGE  -DAYS  (LOG  SCALE) 

EFFECT  OF  CEMENT  EFFECT  OF  SAND 

£— a  100%  PORTLAND,  o— o  86  %  PORTLAND,  14%  NATURAL 

+  -  +  72%  portland, 28% natural 

Figure  3. — Effect  of  Blending  Portland  and  Natural 
Cement  on  the  Crushing  Strength  of  2-Inch  Mortar 
Cubes  Cured  in  Air. 

at  all  ages.  With  the  exception  of  the  180-  and  360- 
day  values  for  the  straight  portland  cement  mortar  in 
which  sand  A  was  used  with  cements  A  and  B,  all  mor- 
tars exhibited  gain  in  strength  from  the  7-  up  to  the 
360-day  periods. 

In  the  left  hand  portion  of  figure  2  it  may  be  seen 
that  mortars  containing  cement  A  had  slightly  greater 
strengths  than  those  containing  cement  B.  The  right 
hand  portion  of  this  figure  shows  the  effect  of  using 
different  sands.  In  the  unblended  mix,  as  well  as  in 
the  mortar  containing  14  percent  of  natural  cement, 
specimens  containing  sand  A  showed  greater  strengths 
at  all  ages.  However,  in  the  mixes  containing  28 
percent  of  natural  cement,  the  strengths  were  about  the 
same.  In  other  words,  replacing  portland  cement  with 
natural  cement  seemed  to  affect  the  strength  of  mortars 
made  with  sand  A  much  more  than  those  made  with 
sand  B. 

The  values  obtained  on  air-cured,  2-inch  cubes  (after 
7  days  of  initial  water  storage)  are  given  in  table  5  and 
in  figure  3.     The  average  values  given  in  the  figures 
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eefect  of  cement  effect  of  sand 

a— a  100%  portlano.  0--086  %  portland,  14%  natural 

+--+72%  portland.28%  natural 

Figure  4. — Effect  of  Blending  Portland  and  Natural 
Cement  on  Flexural  Strength  of  18-Inch  Mortar 
Beams  Cured  in  Water. 


SANDS  A&B  CEMENTS 

CEMENT  A      CEMENT  B        SANO  A 


A&B 
SANO 


10  — 


+  '•■] 
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- 

• 

■ 

~'\+ 

o  o  > 


age-days  (log  scale) 
effect  of  cement  effect  of  sand 

& — a  100%  portland.0-086  %  p0rtland,i4%  natural 
+-  +  72%  p0rtland,28%  natural. 

Figure  5. — Effect  of  Blending  Portland  and  Natural 
Cement  on  Flexural  Strength  of  18-Inch  Mortar 
Beams  Cured  in  Air. 

show,  in  all  cases,  higher  strengths  for  the  mixes  con- 
taining straight  portland  cement.  Comparing  figures  2 
and  3  it  will  be  noted  that  the  specimens  moist-cured 
7  days  and  air-dried  for  21  days  were  in  general  higher 
in  strength  than  those  cured  continuously  in  water  for 
28  days.  Further  air  storage,  however,  resulted  in 
only  slight  gain  in  strength  at  90  days,  with  little  or  no 
gain  thereafter. 

Figure  3  shows  the  effect  of  the  cement  and  sand 
upon  the  crushing  strength  of  the  air-dried  specimens. 
Specimens  containing  cement  A  exhibited  slightly 
greater  strengths  in  the  blends,  with  the  unblended 
mortars  having  about  the  same  strength  at  all  ages. 
Specimens  containing  sand  A  showed  definitely  higher 
strengths  throughout.  The  most  interesting  point  in 
connection  with  this  figure  is  the  decrease  in  strength 


Tahle  0. — Flexural  strengths  of  18-inch  mortar  beams,  mix  1:2  by 
weight,  water  cured 


CEMENT  A— SAND  A 


Percentage, 
of  Portland 

cement 
replaced  by 

7  days 

28  days 

90  days 

180  days 

360  days 

natural 
cement 

0____ 

Lb.  per 

sq.  in.' 

850 

770 

660 

Per- 
cent 2 
100 
91 
78 

Lb.  per 

sq.in.' 

995 

905 

780 

Per- 
cent 2 
100 
91 
78 

Lb.  per 

sq.  in.' 

970 

940 

795 

Per- 
cent 2 
100 

97 
82 

Lb.  per 

sq.in.' 

1.010 

945 

825 

Per- 
cent 2 
100 
94 
82 

Lb.  per 

sq.  in.' 

1,030 

995 

880 

Per- 
cent 2 
100 

14.. 

28. 

97 
85 

CEMENT  A— SAND  B 


735 

100 

900 

100 

965 

100 

1,045 

100 

1,025 

755 

103 

860 

96 

920 

95 

985 

94 

1,055 

660 

90 

820 

91 

835 

87 

915 

88 

915 

100 
103 


CEMENT  B— SAND  A 


790 

100 

905 

100 

885 

100 

900 

100 

915 

760 

96 

845 

93 

835 

94 

865 

96 

915 

650 

82 

745 

82 

765 

86 

790 

88 

760 

100 
100 
83 


CEMENT  B-SAND  B 


700 

100 

890 

100 

870 

100 

930 

100 

1,000 

700 

100 

795 

89 

865 

99 

895 

96 

885 

625 

89 

745 

84 

800 

92 

820 

88 

910 

100 
89 
91 


1  Each  value  is  the  average  of  5  tests. 

2  Figures  indicate  percentage  of  the  strength  of  100  percent  Portland  cement  mixes. 

Table  7. — Flexural  strengths  of  18-inch  mortar  beams,  mix  1 :  ?  by 
weight,  air  cured 

CEMENT  A— SAND  A 


Percentage  of 
Portland  ce- 
ment replaced 
by  natural 

cement 

28  days 

90  days 

180  days 

360  days 

0 

14 

28 

Lb  per 

sq.  in.' 

720 

680 

725 

Percent' 
100 
94 
100 

Lb  per 

sq.  in.' 
1,195 
1,110 
1,085 

Percent* 

100 
93 
91 

Lb.  per 

sq  in  i 

1,140 

1,070 

915 

Percent- 
100 
94 
80 

Lb.  per 

sq.  in.' 

1,  180 

1,035 
970 

Percent2 
100 
88 
82 

CEMENT  A— SAND  B 


885 

100 

1,005 

100 

950 

100 

935 

865 

98 

930 

93 

920 

97 

875 

930 

105 

850 

85 

795 

84 

805 

100 
94 
86 


CEMENT  B— SAND  A 


905 

100 

1,165 

100 

1,  095 

100 

1,100 

700 

77 

1,080 

93 

1,015 

93 

970 

710 

79 

905 

78 

855 

78 

880 

100 
88 
80 


CEMENT  B-SAND  B 


900 

100 

970 

100 

915 

100 

975 

800 

89 

970 

100 

860 

94 

800 

810 

90 

810 

83 

705 

77 

655 

100 
82 
67 


1  Each  value  is  the  average  of  5  tests. 

2  Figures  indicate  percentage  of  the  strength  of  the  100  percent  portland  cement 
mixes. 

caused  by  the  replacement  of  28  percent  of  the  portland 
cement  with  natural  cement.  The  strengths  obtained 
with  this  combination  ran  about  1,000  to  2,000  pounds 
per  square  inch  lower  than  those  of  the  straight  port- 
land  cement  mixes  for  the  different  cements  and  sands. 
The  effect  of  blending  portland  and  natural  cement 
upon  the  flexural  strength  of  water-cured  mortar  beams 
is  shown  in  table  6  and  in  figure  4.  It  will  be  noted 
that  when  the  results  are  averaged  as  in  figure  4,  for 
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Figure    6. — Effect   of   Blending    Portland   and    Natural 
Cement  on  Volume  Change  of  18-Inch  Mortar  Beams. 

each  combination  of  materials,  the  straight  portland 
cement  mixes,  with  a  single  exception,  produced  the 
greatest  strengths  at  all  ages.  As  in  the  water-cured 
compression  specimens,  the  gain  in  strength  with  age 
was  fairly  uniform.  However,  the  reduction  in  strength 
caused  by  blending  was  not  proportional  to  the  amount 
of  natural  cement  used,  the  28-percent  replacement 
causing  a  proportionately  greater  reduction  than  the 
14-percent  replacement.  Cement  A  in  general  pro- 
duced greater  strengths  for  all  combinations  of  materials 
than  did  cement  B. 

The  results  of  flexure  tests  on  air-cured  beams  are 
given  in  table  7  and  in  figure  5.  It  will  be  observed 
that  here  also  for  each  combination  of  materials,  with  a 
single  exception,  the  straight  portland  cement  mixes 
produced  the  greatest  strengths  at  all  ages.  With  lew 
exceptions  the  highest  strengths  were  obtained  at  90 
days,  all  mixes  showing  retrogression  after  that  period. 
In  every  case  the  strengths  at  90  days  were  higher  than 
those  of  the  corresponding  water-cured  specimens. 

The  effect  of  blending  portland  and  natural  cement 
upon  volume  change  of  18-inch  mortar  beams  in  con- 
tinuous water  storage  is  shown  graphically  in  the  upper 
portion  of  figures  6  and  7.  The  changes  are  shown  in 
0.0001  inch  per  inch  at  the  ages  indicated  on  the  abscis- 
sas. It  will  be  noted  from  the  figures  that  blends  con- 
taining 28  percent  of  natural  cement  had  the  greatest 
expansion  at  180  days,  and  that  the  straight  portland 
cement  mixes  for  all  combinations  exhibited  the  leasl 
expansion.  It  is  of  interest  to  note  (fig.  6)  that  speci- 
mens containing  cement  B  had  slightly  greater  ex- 
pansions for  both  blended  and  unblended  mixtures  than 
those  containing  cement  A.  However,  as  will  be  seen 
from  figure  7,  changing  the  sand  had  very  little  effect 
upon  volume  change. 

MORTAR   BEAMS.  SUBJECTED  TO  ACCELERATED  WEATHERING 
TESTS 

Volume  changes  resulting  from  continuous  air  storage 
are  shown  in  the  lower  portions  of  figures  6  and  7.  The 
treatment  of  these  beams  consisted  of  storage  for  24 
hours  in  the  moist  closet,  at  the  end  of  which  time  an 
initial  reading  was  taken,  followed  by  continued  storage 
in  laboratory  air.  During  the  period  from  90  to  120 
days  the  beams  were  placed  in  a  cabinet  in  which  the  air 
was  dried  with  calcium  chloride  to  decrease  further  the 
amount  of  moisture  in  the  specimens.     As  expected,  all 
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Figure    7. — Effect    of    Blending    Portland    and    Natural 
Cement  on  Volume  Change  of  18-Inch  Mortar  Beams. 

beams  showed  slightly  increased  shrinkage  during  this 
period. 

Beams  containing  sands  A  and  B  and  cement  A  had 
approximately  the  same  amount  of  shrinkage  as  those 
containing  cement  B  (fig.  6).  However,  specimens 
containing  cements  A  and  B  and  sand  B  had  shrinkages 
at  120  days  about  50  percent  greater  than  those  con- 
taining sand  A  (fig.  7).  The  figures  show  that  although 
the  initial  shrinkage  was  somewhat  greater  in  specimens 
containing  the  blended  cements,  the  total  shrinkage  at 
the  end  of  120  days  of  continuous  air  storage  was  about 
the  same. 

The  mortar  beams  from  the  continuous  water  storage 
series  were  measured  for  length  at  the  end  of  180  days, 
and  then  subjected  to  15  rounds  of  the  following  ac- 
celerated weathering  treatment.  Each  round  required 
13  days  for  completion  and  consisted  of  (3  cycles  of 
freezing  and  thawing,  each  24  hours  in  duration,  fol- 
lowed by  drying  for  4  days  in  an  electric  oven  at  120°  F., 
and  resaturation  for  3  days  in  water  at  70°  F.  Read- 
ings were  taken  on  each  beam  at  the  end  of  the  resatu- 
ration period  and  were  discontinued  at  the  end  of  the 
fifteenth  round,  at  which  time  surface  disintegration 
of  the  specimens  had  progressed  to  a  point  which 
affected  the  accuracy  of  the  readings  because  of  loosen- 
ing of  the  gage  points.  Unit  length  changes  at  the  end 
of  the  first,  third,  sixth,  ninth,  twelfth,  and  fifteenth 
rounds  are  shown  in  figures  8  and  9.  Here  the  data 
have  been  averaged  in  the  same  manner  as  in  the  pre- 
vious figures  so  as  to  bring  out  the  effect  of  variations 
in  the  cement  and  sand. 

Several  points  in  connection  with  these  figures  are 
of  interest.  In  the  first  place,  all  specimens  showed  an 
initial  contraction  followed  by  expansion  up  to  the 
fifteenth  round.  The  amount  of  initial  contraction 
seemed  to  have  been  affected  greatly  by  the  combina- 
tion of  materials  used,  being  greatest  for  the  combina- 
tions involving  cement  A  with  the  two  sands  (fig.  8) 
and  sand  B  with  the  two  cements  (fig.  9).  The  com- 
binations involving  sand  A  with  cements  A  and  B 
showed  very  little  initial  contraction.  This  effect  may 
have  resulted  from  the  drying  cycle  which  was  intro- 
duced. Drying  at  120°  F.  for  4  days  undoubtedly 
induced  high  shrinkage  in  the  cement  paste,  subjecting 
the  particles  of  aggregate  to  high  compressive  stress. 
It  is  possible  that  the  difference  in  the  ability  of  the 
sands  to  resist  this  stress  without  permanent  deforma- 
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Figure  8. — Effect  of  Freezing  and  Thawing,  Followed  by 
Drying,  Cooling,  and  Resaturation  on  Volume  Change 
of  Mortar  Beams. 

tion  may  have  accounted  for  the  residual  shrinkage 
observed  in  the  specimens  containing  sand  B,  which  was 
composed    of    comparatively    low-strength    material. 

The  quartz  particles  composing  sand  A  may  have 
possessed  sufficient  strength  to  resist  the  shrinkage 
stresses  without  permanent  deformation,  so  that  the 
specimens  when  resaturated  returned  practically  to 
their  original  length.  The  accumulated  effect  of  this 
action  may  account  also  for  the  relatively  small  expan- 
sions which  were  observed  for  specimens  containing 
sand  B  as  compared  to  the  expansions  shown  by 
specimens  containing  sand  A. 

It  will  be  observed  also  that,  without  exception, 
specimens  containing  the  blended  cement  showed  lower 
expansions  than  the  corresponding  specimens  contain- 
ing only  portland  cement.  It  is  usually  assumed,  inso- 
far as  expansion  is  concerned,  that  repeated  freezing 
and  thawing  produces  a  gradually  expanding  paste,  re- 
sulting in  the  eventual  disintegration  of  the  specimen. 
On  this  basis,  the  use  of  the  blended  cements  may  be 
considered  beneficial.  However,  visual  examination  of 
the  specimens  as  the  test  proceeded  failed  to  reveal  any 
consistent  difference  in  appearance  at  any  stage  between 
the  specimens  containing  the  blended  cements  and  those 
containing  the  straight  portland  cement.  So  far  as 
could  be  determined  by  visual  inspection  of  the  surface, 
all  of  the  specimens  failed  at  about  the  same  rate.  All 
were  badly  exfoliated  or  surface  pitted  by  the  end  of 
the  fifteenth  round  and  apparently  possessed  little 
strength. 

BLENDING   INCREASED   RESISTANCE   OF   MORTARS   TO    SULPHATE 

ACTION 

The  effect  of  replacements  with  natural  cement  on 
the  tensile  strength  of  1:3  Ottawa  sand  briquets  is 
shown  in  table  8.  It  is  of  interest  to  note  that,  for 
both  cements  at  28  days,  the  specimens  containing 
14  percent  of  natural  cement  had  very  nearly  the  same 
strengths  as  the  straight  portland  cement  mortars. 
The  strengths  at  28  days  of  specimens  containing  28 
percent  of  natural  cement  were  approximately  90  per- 
cent of  the  strengths  of  the  straight  portland  cement 
mortars. 
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Figure  9. — Effect  of  Freezing  and  Thawing,  Followed 
by  Drying,  Cooling,  and  Resaturation  on  Volume 
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Table  8. —  Tensile  strengths  of  briquets,  mix  1:3,  standard 
Ottawa  sand 


Percentage  of 
Portland  ce- 

Cement A 

Cement  B 

ment  replaced 

by  natural 

cement 

7  days 

28  days 

7  days 

28  days 

0    

Lb.  per 

sq.  in.' 

390 

370 

345 

Per- 
cent ' 
100 
95 

88 

Lb.  per 

S],  in.' 

455 

450 

405 

Per- 
cent ! 
100 
99 
89 

Lb.  per 

sq.  in.' 

390 

360 

330 

Per- 
cent 2 
100 
92 
85 

Lb.  per 

sq.  in.' 

450 

440 

405 

Per- 
cent 1 
100 

14 

98 

28 

90 

•  Each  value  is  the  average  of  15  tests. 

2  Figures  indicate  percentage  of  the  strength  of  100  percent  portland  cement  mixes. 

The  effect  of  blending  the  cements  upon  the  bulk 
specific  gravity  and  absorption  of  mortar  specimens  is 
shown  in  table  9.  Cylinders  2  inches  by  4  inches  in 
size  of  1 : 2  mortar,  after  24  hours  in  moist  air,  were 
stored  in  water  at  70°  F.  and  the  bulk  specific  gravity 
and  absorption  determined  after  7  and  28  days  by 
first  determining  the  saturated-surface  dry  weights  of 
the  specimens  in  air  and  in  water  and  then  drying  to 
constant  weight.  It  will  be  observed  that  blending 
with  natural  cement  lowered  the  bulk  specific  gravity 
and  increased  the  absorption  in  all  cases.  The  de- 
crease in  density  which  is  indicated  by  these  tests 
may  have  been  the  result  of  a  slight  increase  in  the 
air  voids  brought  about  by  the  use  of  natural  cement. 
Other  tests  have  indicated  that  air  voids  in  concrete 
are  increased  somewhat  by  using  blends. 

Bars  1  by  1  by  6  inches  long,  using  a  1:5  standard 
Ottawa  sand  mortar,  and  with  0,  14,  and  28  percent  of 
the  portland  cement  replaced  with  natural  cement, 
were  fabricated  and  stored  for  6  days  in  water  at  70°  F. 
At  the  end  of  this  period  the  bars  were  measured  for 
length  and  then  immersed  in  a  10-percent  solution  of 
sodium  sulphate.  After  21  days  of  continuous  storage 
in  this  solution  at  70°  F.,  they  were  again  measured 
for  length.  The  amount  of  expansion  was  read  to 
0.001  inch.  The  results  are  shown  in  figure  10  (left 
panel).  Each  value  is  the  average  of  three  tests.  It 
will  be  noted  that  specimens  containing  cement  B 
showed  greater  expansion  in  all  cases  than  those  con- 
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Table  9. —  Bulk  specific  gravity  and  absorption  of  2  by  /f-inch 
mortar  cylinders,  mix  1:2  by  weight,  water  cured 


CEMENT  A— SAND  A 

Percentage  of 
Portland  ce- 

Bulk  specific  gravity  ' 

Percentage  absorption  ' 

rrent  replaced 

by  natural 

cement 

7  days 

28  days 

7  days 

28  days 

0 

2.10 
2.07 
2.03 

Per- 
cent 2 
100 
99 
97 

2.12 
2.09 
2.04 

Per- 
cent ■ 
100 
99 
96 

9.52 
9.89 
10.32 

Per- 
cent 2 
100 
104 
108 

9.23 
10.01 
10.59 

Per- 
cent J 
100 

14 

His 

28 

115 

CEMENT  A— SAND  B 


0.. 
14. 
28. 

0.. 
14. 
28. 

0.. 
14. 

28. 


2.09 

100 

2.10 

100 

10.49 

100 

10.32 

2.07 

99 

2.08 

99 

10.84 

103 

10.73 

2.04 

98 

2.05 

98 

11.34 

108 

11.19 

100 
104 
108' 


CEMENT  B— SAND  A 


2.07 

100 

2.  11 

100 

10.03 

100 

9.98 

2.05 

99 

2.06 

98 

10.  66 

106 

10.62 

2.02 

98 

2.02 

96 

11.27 

112 

11.40 

Kill 
106 
114 


CEMENT  B— SAND  B 


2.09 

100 

2.07 

100 

10.95 

100 

10.76 

2.04 

98 

2.06 

100 

11.34 

104 

11.11 

2.01 

96 

2.04 

99 

11.73 

107 

11.57 

100 
103 
108 


■  Each  value  is  the  average  of  3  tests. 

*  Figures  indicate  percentage  of  the  corresponding  values  for  100  percent  Portland 
cement  mixes. 

taining  cement  A,  and  also  that  blending  with  natural 
cement  reduced  the  amount  of  expansion  in  both  cases. 
These  tests  seem  to  indicate  that  blending  with  natural 
cement  increases  resistance  to  the  action  of  sodium 
sulphate  solutions. 

The  expansions  of  neat  cement  bars  exposed  for  3 
hours  at  420°  F.  in  the  autoclave  are  shown  in  the  right 
panel  of  figure  10.  In  both  cases,  the  replacement  of 
14  and  28  percent  of  portland  cement  by  natural 
cement  resulted  in  increased  expansion.  It  will  be 
noted,  however,  that  cement  B,  unblended,  showed 
considerably  greater  expansion  than  cement  A  with  a 
28  percent  replacement  of  natural  cement.  The 
relatively  high  expansions  shown  by  cement  B  may 
possibly  be  associated  with  the  higher  magnesia  and 
greater  C3A  content  of  this  cement.     (See  table  1.) 

The  same  two  portland  cements  and  the  same  natural 
cement  that  were  used  in  the  mortar  tests  were  com- 
bined with  a  local  fine  and  coarse  aggregate  in  fabri- 
cating the  concrete  specimens.  The  characteristics  of 
the  aggregates  are  shown  in  table  2.  Sand  C  was 
used  in  the  concrete  tests.  The  coarse  aggregate  was 
uniformly  graded  from  No.  4  to  1%-inch.  Two  blends 
were  used,  one  with  14  percent  and  the  other  with  28 
percent  of  natural  cement  as  in  the  mortar  tests. 

A  typical  concrete  paving  mix  containing  6  sacks  of 
cement  per  cubic  yard  with  sufficient  water  for  a  2%-ineh 
slump  was  used.  This  resulted  in  a  net  water-cement 
ratio  by  volume  of  approximately  0.75. 

Although  the  tests  made  on  the  mortars  showed  that 
the  consistency  of  the  mix  was  affected  somewhat  by 
the  substitution  of  natural  cement  for  portland  cement, 
the  slump  of  the  concrete  containing  the  blends  was 
the  same  as  that  obtained  with  the  straight  portland 
cement.  However,  in  manipulating  the  concrete  it 
was  found  that  the  blended  cement  mixtures  had  a 
stickiness  which  was  not  apparent  in  mixtures  con- 
taining the  straight  portland  cement. 
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Figure  10. — Effect  of  Blending  Portland  and  Natural 
Cement  upon  Volume  Change  in  Sulphate  Solution 
and  in  the  Autoclave. 

use  of  blended  cements  slightly  decreased  strength  ok 
concrete 

Flexure  tests  were  made  on  beams  6  by  6  by  21  inches 
in  size,  loaded  at  the  third  points  of  an  18-inch  span. 
Compression  tests  as  well  as  measurements  for  modulus 
of  elasticity,  using  a  Martens  extensometer,  were  made 
on  6-inch  by  12-inch  cylinders.  Five  specimens  were 
made  for  each  test  condition  and  tests  were  made  at 
7,  28,  90,  180,  and  360  days.  All  specimens  were 
stored  continuously  in  moist  air  at  70°  F.  until  tested. 

The  results  of  the  tests  for  strength  and  modulus  of 
elasticity  on  laboratory  fabricated  concrete  specimens 
are  shown  in  table  10  and  are  shown  graphically  in 
figure  1 1 . 

Referring  to  the  data  for  cement  A  (table  10  and 
left  panel  of  fig.  11),  it  will  be  observed  that  there  was 
a  gradual  increase  in  crushing  strength  with  age  for 
specimens  containing  the  unblended  as  well  as  the 
blended  cement.  Blending  with  natural  cement  de- 
creased the  average  strength  at  all  ages  about  1  percent 
in  the  specimens  containing  14  percent  of  natural 
cement  and  about  8  percent  in  the  specimens  contain- 
ing 28  percent  of  natural  cement.  Similar  data  for 
cement  B  are  shown  in  the  next  panel  to  the  right.  In 
the  specimens  containing  straight  portland  cement  it 
will  be  observed  that  the  same  order  of  strengths  was 
obtained  as  with  cement  A.  However,  in  specimens 
with  the  blended  cements  as  compared  to  the  specimens 
with  straight  portland  cement,  the  reduction  in  strength 
was  more  marked,  the  corresponding  figures  being  7 
percent  for  the  14  percent  blend  and  17  percent  for  the 
28  percent  blend. 

It  is  interesting  to  observe  that  specimens  containing 
the  14  percent  blend  for  both  cements  A  and  B  exhibited 
higher  strengths  at  360  days  than  the  corresponding 
straight  portland  cement  specimens.  This  was  due  to 
the  fact  that  the  straight  portland  cement  concretes 
showed  no  increase  in  strength  beyond  the  180-day 
period  for  cement  A,  while  for  cement  B  no  increase  was 
observed  after  the  90-day  period.  On  the  other  hand, 
the  concrete  containing  the  blended  cements  showed  a 
fairly  uniform  increase  in  strength  up  to  360  days. 

Flexural  strengths  of  the  concrete  specimens  are 
shown  also  in  table  10  and  are  plotted  in  the  two  center 
panels  of  figure  11.  For  each  cement  the  specimens 
containing  the   14   percent  blend  had  strengths  com- 
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Table   10. — Effect  of  blending  portland  and  natural  cements  on 
crushing  and  flexural  strengths  and  modulus  of  elasticity 

CRUSHING  STRENGTH— CEMENT  A 


Percentage 

Test  results  at  age  indicated  ' 

of  portland 

cement  re- 

placed  by 

natural 

7  days 

28  days 

90  days 

ISO  days 

360  days 

cement 

Lb.  /><  r 

Pa 

Lb  per 

Per- 

Lb.  per 

Per- 

Lb. pei 

Per- 

Lb. in  i 

Per- 

sq. in 

cent  •' 

sq.  in. 

a  ut  i 

sq.  in. 

il  ni 

sq.  in. 

cent  ■ 

sq.  m. 

cent  ■ 

0 - 

3,  730 

100 

5,510 

100 

6, 190 

100 

6,  650 

100 

6,  66(1 

100 

14 

3,860 

103 

5,  '-'7(1 

96 

6,010 

97 

6.470 

97 

(5,830 

103 

28.. 

3,  130 

92 

4,  750 

86 

5,870 

95 

6,080 

91 

6,  180 

97 

MODULUS  OF  RUPTURE 

—CEMENT 

\ 

0 

600 

100 

683 

100 

777 

100 

858 

100 

831 

100 

14....     - 

612 

102 

6' 17 

102 

777 

100 

S45 

98 

857 

103 

28.. 

542 

90 

631 

92 

742 

95 

Mil 

93 

853 

103 

MODULI 

IS  OF 

ELAS 

TICITY— CEMENT  A 

1,000 

7,000 

1,000 

1,000 

1,000 

lb.  per 

Ih.  per 

lh.  per 

lb.  per 

Ih.  per 

sq.  in. 

sq.  iv. 

sq.  in. 

sq.  in 

sq.  in 

0 ... 

5,27^ 

100 

6.(147 

100 

6,490 

111(1 

6  TV. 

inn 

7,  102 

100 

98 

5.  :i47 

98 

6,  6711 

103 

6,  735 

99 

7,432 

1(15 

28... 

mi 

5.  557 

92 

6,268 

97 

6,  285 

93 

6,  628 

93 

CRUSII1XC.  STRENGTH— CEMENT  B 


Lb  i'ii 

Lb.  per 

Lb.  per 

Lb.  per 

Lb.  per 

sq.  in. 

sq.  in. 

sq.  in. 

sq.  in. 

sq.  in. 

(1 

3.  990 

100 

5, 640 

100 

6,  450 

100 

6,  310 

100 

6.  480 

1(10 

93 

5, 000 

89 

5,  760 

89 

5,960 

94 

6,  530 

101 

28 

3,  I'.ill 

80 

4,330 

77 

5,  250 

81 

5,  070 

90 

5,  730 

ss 

MODULUS  OF  RUPTURE— CEMENT  B 


0.. 
14. 

28 


620 

100 

677 

100 

781 

100 

783 

100 

821 

577 

93 

698 

103 

753 

96 

820 

105 

859 

542 

87 

580 

86 

716 

92 

801 

102 

788 

100 
105 


MODULUS  OF  ELASTICITY     CEMENT  B 


(I 
It 
28 


1,000 

1,000 

1,000 

1,000 

1,000 

lb.  per 

lb.  per 

lb.  per 

Hi.  per 

lb.  per 

sq.  in. 

sq.  Ill 

sq.  in. 

sq.  in. 

sq.in. 

5,  225 

100 

6,  0S3 

100 

6,420 

100 

6,  638 

100 

6, 970 

5, 065 

97 

5,  810 

96 

6,178 

96 

6,465 

97 

7.070 

5,030 

96 

5,623 

92 

6,018 

94 

6,330 

95 

6,  408 

100 
101 
92 


1  Eacb  value  for  crushing  strength  and  modulus  of  rupture  is  the  average  of  5  tests. 
Each  value  for  modulus  of  elasticity  is  the  average  of  4  tests. 

2  Figures  indicate  percentage  of  the  strength  of  100  percent  portland  cement  mixes. 

parable  to  those  obtained  with  the  straight  portland 
cement  specimens.  Specimens  with  the  28  percent 
blend  had  strengths  that  averaged  about  95  percent  of 
those  of  the  straight  portland  cement  specimens.  It  is 
to  be  observed  also  that  for  both  portland  cements  the 
blended  cement  concrete  showed  higher  strength  ratios 
in  flexure  than  in  compression. 

Results  of  tests  for  modulus  of  elasticity  are  shown  in 
the  two  right  panels  of  figure  11.  These  results  are  also 
included  in  table  10.  Here  again  the  addition  of  the 
natural  cement  is  reflected  in  the  somewhat  lower 
values  obtained  with  specimens  containing  the  blended 
cements. 

In  general,  it  may  be  said  that  the  values  obtained  in 
flexure  and  modulus  of  elasticity  for  the  specimens  con- 
taining the  28  percent  blend  were  about  95  percent  of 
those  obtained  for  the  specimens  containing  the  straight 
portland  cements.  The  strength  ratios  of  specimens  in 
compression  were  not  the  same  for  both  cements,  speci- 
mens containing  cement  B  giving  an  average  ratio  of 
83  percent,  which  was  about  10  percent  lower  than  that 
obtained  lor  specimens  containing  cement  A.  Com- 
paring the  results  of  tests  on  concrete  specimens  with 
the  corresponding  results  of  tests  on  mortar  specimens. 


it  will  be  observed  that  replacement  with  the  natural 
cement  had  a  much  greater  effect  on  mortar  strength 
than  on  concrete  strength.  This  would,  of  course,  be 
expected  because  of  the  higher  cement  content  in  the 
mortar  specimens. 

FREEZING  AND  THAWING  TESTS  MADE  ON  PAVEMENT  CORES 

The  results  of  freezing  and  thawing  tests  on  cores 
taken  from  four  experimental  projects  in  New  York 
State  are  given  in  this  portion  of  the  report.  On  each 
of  these  projects  specimens  of  straight  portland  cement 
concrete  and  blended  cement  concrete  were  taken  from 
sections  containing  cement  conforming  to  each  of  the 
four  classifications  as  to  compound  composition  given 
in  table  1 1 . 

Natural  cement  of  the  brand  used  in  the  laboratory 
tests  already  described  was  used  on  two  of  the  projects. 
The  other  two  contained  natural  cement  from  another 
mill  in  New  York  State.  A  6  :1  blend  was  used  on  two 
of  the  projects,  a  5:2  blend  on  the  other  two. 

Table   11. —  Classification  of  four  cements  as  to  compound  com- 
position 


Specification  designation 

Tricalcium  aluminate  C3A 
(percent) 

Tricalcium  silicate  C3S 
(percent) 

935. 

Notover9 

Not  over  35. 

950 

Not  over  9 

Between  48  and  52. 

1439 

Not  less  than  14 

Not  over  39. 

1450 

Not  less  than  14 ... 

Between  48  and  52. 

This  portion  of  the  work  was  done  for  the  purpose  of 
testing  specimens  of  concrete  which  had  been  subjected 
to  the  usual  field  manipulation  during  placing  in  order 
to  study  the  effects  of  the  "bleeding"  or  "water-gain" 
which  frequently  occurs  during  the  finishing  operation. 
This  action  results  in  the  accumulation  of  an  excess 
amount  of  water  in  the  top  surface  of  the  pavement, 
leaving  a  weak,  porous  layer  which  is  lacking  in  resist- 
ance to  the  disintegrating  effects  of  ice  and  chemical  salts. 

In  a  preliminary  series  of  freezing  and  thawing  tests 
made  on  full  depth  cores  it  was  found  that  disintegra- 
tion was  confined  almost  entirely  to  the  top  2  inches  of 
the  specimen.  Because  of  this,  and  also  to  facilitate 
performance  of  the  test,  it  was  decided  to  study  the 
effect  of  the  blend  by  testing  the  upper  portion  of  the 
concrete  only.  Disks  2  inches  thick  were  sawed  from 
the  tops  of  the  cores.  One  set  of  these  disks  was  alter- 
nately frozen  and  thawed  in  a  10  percent  solution  of 
calcium  chloride,  the  other  set  in  plain  water.  In 
addition,  a  few  tests  were  made  to  determine  the 
resistance  of  similar  disks  sawed  from  the  lower  surface 
of  the  cores. 

It  was  found  desirable  in  this  work  to  use  a  minimum 
amount  of  the  chloride  solution  and  to  freeze  rapidly  in 
order  to  keep  the  solution  from  separating  into  layers 
of  different  density.  This  was  accomplished  by  using 
close-fitting  containers  and  immersing  these  containers 
in  the  brine  solution  of  the  refrigerator.  The  minimum 
temperature  obtained  was  approximately  —10°  F.,  one 
complete  cycle  of  freezing  and  thawing  being  performed 
each  day.  The  time  required  to  lower  the  tempera- 
ture of  the  specimen  to  this  minimum  wTas  approxi- 
mately 10  hours.  The  calcium  chloride  solution  was 
changed  after  10  cycles  of  freezing  and  thawing.  These 
time-temperature  relations  applied  to  freezing  both  in 
chloride  and  in  water. 

Periodic  examinations  were  made  of  the  specimens, 
this  examination  consisting  of  wTeight  loss  determina- 
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tions  and  visual  inspections.  It  was  found  that  the 
weight  losses  of  the  2-inch  disks  were  meaningless.  For 
instance,  a  specimen  which  had  not  lost  more  than  2 
percent  in  weight  would  become  unsound  and  disinte- 
grate. While  some  scaling  of  the  surface  developed, 
unsoundness  in  general  was  caused  by  failure  of  the 
bond  between  the  cement  and  aggregate,  resulting  in 
the  eventual  disintegration  of  the  entire  specimen. 

For  each  project  and  for  each  type  of  freezing  there 
were  two  groups  of  8  specimens  each.  In  one  group 
there  were  4  pairs  of  specimens  containing  straight 
Portland  cement  and  4  pairs  containing  the  same  port- 
land  cements  blended  with  natural  cement  in  the  pro- 
portion of  either  6:1  or  5:2.  The  4  pairs  of  specimens 
in  each  group  represented  concrete  containing  the  4 
classes  of  portland  cement  mentioned  above. 

In  order  to  evaluate  the  resistance  to  freezing  and 
thawing,  the  individual  specimens  were  examined  at 
various  intervals  and  rated  in  accordance  with  their 
appearance  and  ring  when  struck  with  a  hammer.  A 
specimen  which  was  entirely  sound  was  given  a  rating 
of  12%.  An  unsound  specimen  was  rated  at  2%,  while 
a  specimen  which  appeared  to  be  between  these  two 
conditions  was  considered  as  questionable  and  was 
given  a  rating  of  7%.  Any  specimen  which  had  dis- 
integrated was  given  a.  rating  of  zero.  If  all  of  the 
specimens  of  a  particular  group  were  sound  the  rating 
would  be  100.  On  the  other  band,  if  all  of  the  speci- 
mens were  disintegrated,  the  rating  would  be  zero. 
By  this  method  of  rating,  the  results  obtained  with  the 
four  cements  used  on  each  project  were  averaged  for 
comparison  with  the  results  obtained  with  the  same 
Portland  cements  blended  with  natural  cement.  This 
procedure  was  decided  upon  after  a  study  of  the  indi- 
vidual results  had  failed  to  reveal  any  consistent  rela- 
tion between  the  composition  of  the  portland  cement 
and  its  resistance  to  freezing  and  thawing  either  when 
used  straight  or  when  blended.  With  a  few  exceptions, 
concrete  made  from  portland  cements  conforming  to  the 
various   composition   classifications,   when   used   on    a 

00260— 38 2 


given  job,  behaved  about  alike  insofar  as  resistance  to 
freezing  and  thawing  was  concerned. 

BLENDED  SPECIMENS  MOST  RESISTANT  TO  FREEZING  IN  CALCIUM 
CHLORIDE  SOLUTION  AND  WATER 

The  ratings  of  the  several  groups  of  specimens  after  35 
alternations  in  a  10-percent  solution  of  calcium  chloride 
as  well  as  the  corresponding  ratings  when  frozen  in 
water  for  various  periods  up  to  150  alternations,  are 
given  in  table  12.  The  appearance  of  each  individual 
specimen   at   the   end   of   35   alternations   in   calcium 

Table   12. — Resistance  of  core  specimens  to  freezing  and  thawing 

PROJECT  A 


Rating  '  at  number  of  freezing  and  thawing  cycles  indicated 

Blend  i 

35  cycles 
in  cal- 
cium 

chloride 

35  cycles 
in  water 

50  cycles 
in  water 

75  cycles 
in  water 

100  cycles 
in  water 

150  cycles 
in  water 

7-0.. 

0 
90 

15 
95 

10 
90 

0 
90 

0 

90 

0 

G-1G 

90 

PROJECT    i! 


7   0       . 

25 

50 

30 

25 

25 

25 

5  2G 

iiiii 

100 

illll 

100 

100 

100 

PROJECT  O 


7-0      

40 
15 

30 

5 

111 

3  0 

<0 

0 
0 

0 

6-1H 

0 

PROJECT  D 

7-0 

5-2H 

0 

55 

10                   5 
65                 55 

0 
30 

0 
30 

0 

25 

1  Figures  indicate  the  number  of  sacks  of  portland  and  natural  cement  in  a  7-sack 
batch;  letters  refer  to  the  brand  of  natural  cement. 

2  Rating  of  100  indicates  all  8  specimens  sound;  rating  of  0  indicates  all  8  specimens 
disintegrated. 

*  At  65  alternations. 

*  At  60  alternations. 
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Figure  12. — Project  A.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after 
35  Alternations  of  Freezing  and  Thawing  in  a  10  Per- 
cent Solution  of  Calcium  Chloride. 
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STRAIGHT   PORTLAND  CEMENT  CONCRETE 
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Figure  14.- — Project  C.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  35 
Alternations  of  Freezing  and  Thawing  in  a  10  Percent 
Solution  of  Calcium  Chloride. 
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Figure  13. — Project  B.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  35 
Alternations  of  Freezing  and  Thawing  in  a  10  Percent 
Solution  of  Calcium  Chloride. 

chloride  and  at  the  end  of  .r)0  alternations  in  water  is 
shown  in  figures  12  to  19  inclusive.  In  each  of  these 
figures  the  specimens  are  arranged  as  follows:  The  four 
specimens  shown  in   the  upper  left  quadrant  contain 
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CEMENT  CONCRETE 
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STRAIGHT  PORTLAND 
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igure  15.  Project  T).  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  35 
Alternations  of  Freezing  and  Thawing  in  a  10  Percent 
Solution  of  Calcium  Chloride. 
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STRAIGHT    PORTLAND   CEMENT  CONCRETE 

CLASSIFICATION   |439  CLASSIFICATION   1450 

Figure  16. — Project  A.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  50 
Alternations  of  Freezing  and  Thawing  in  Water. 
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Figure  17. — Project  B.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  50 
Alternations  of  Freezing  and  Thawing  in  Water. 
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Figure  18. — Project  C.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  50 
Alternations  of  Freezing  and  Thawing  in  Water. 
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Figure  19. —  Project  D.  Appearance  of  Blended  and 
Straight  Portland  Cement  Concrete  Specimens  after  50 
Alternations  of  Freezing  and  Thawing  in  Watee 
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Portland  cement  conforming  to  New  York  State  speci- 
fication classification  935,  the  two  specimens  in  the  top 
row  containing  the  blended  cement  and  the  "two  speci- 
mens in  the  second  row  the  straight  portland  cement. 
Similarly,  the  four  specimens  in  the  upper  right  quad- 
rant contain  cement  conforming  to  the  950  classifica- 
tion, those  in  the  lower  left  quadrant  the  1439  cement, 
and  those  in  the  lower  right  quadrant  the  1450  cement. 

Referring  to  table  12  and  to  figures  12  to  15,  inclusive, 
it  will  be  noted  that  the  use  of  the  blend  resulted  in  a 
marked  increase  in  resistance  to  freezing  in  calcium 
chloride  in  Projects  A  and  B,  some  improvement  in 
Project  D  and  no  improvement  in  Project  C  Projects 
A  and  B  contained  natural  cement  G  in  the  blend, 
whereas  natural  cement  H  was  used  in  Projects  C  and  D. 

A  study  of  the  individual  results  shows  that  in 
Project  A  all  eight  of  the  straight  portland  cement 
specimens  disintegrated,  while  seven  of  the  blended 
cement  specimens  remained  sound.  In  Project  B,  six  of 
the  eight  straight  portland  cement  specimens  disinte- 
grated, whereas  all  eight  of  the  blended  specimens 
remained  sound.  In  Project  C  five  of  the  unblended 
specimens  disintegrated  as  compared  to  six  of  the  speci- 
mens containing  the  blended  cement.  In  Project  D 
all  eight  of  the  unblended  specimens  disintegrated, 
whereas  three  of  the  blended  specimens  disintegrated 
and  one  was  unsound. 

The  comparative  effect  of  freezing  in  calcium  chloride 
and  in  water  may  be  noted  by  comparing  the  ratingsat 
35  alternations  as  shown  in  the  second  and  third 
columns  of  table  12.  It  will  be  observed  that  in 
Projects  A  and  B  the  action  in  water  was  less  severe 
than  in  calcium  chloride.  However,  in  Projects  C  and 
D  the  amount  of  disintegration  was  about  the  same  for 
freezing  in  both  liquids.  The  comparatively  low 
resistance  of  Projects  C  and  D  to  freezing  in  water 
would  indicate  that  the  quality  of  the  concrete  was 
inferior  to  that  in  Projects  A  and  B. 

Study  of  the  comparative  behavior  of  the  various 
specimens  when  frozen  in  water  for  periods  beyond  35 
cycles  may  also  be  made  by  referring  to  table  12.  In 
Projects  A  and  B,  virtually  the  same  resistance  is  shown 
for  the  blended  cements  when  frozen  in  water  up  to  150 
cycles  as  was  indicated  when  the  specimens  were  frozen 
in  calcium  chloride  for  35  cycles.  However,  it  will  be 
observed  that  the  straight  portland  cement  concrete  in 
Project  B  was  considerably  more  resistant  to  freezing 
and  thawing  in  wafer  at  periods  beyond  35  cycles  than 
was  the  concrete  in  Project  A.  The  concrete  in  Project 
C  appeared  to  be  definitely  inferior,  all  specimens  in 
both  the  straight  portland  and  the  blend  having  disin- 
tegrated at  either  60  or  65  cycles.  In  Project  ])  the 
behavior  of  (fie  straight  portland  cement  concrete  speci- 
mens also  indicated  comparatively  inferior  concrete  as 
compared  to  Projects  A  and  B.  However,  the  blended 
specimens  from  Project  D  were  considerably  more 
resistant  than  those  containing  straight  portland  cement 
although,  as  indicated  above,  the  improvement  was  not 
as  ma  iked  as  in  Projects  A  and  B. 

BLENDING  FOUND  TO  INCREASE  DURABILITY  BY  REDUCING 
BLEEDING 

The  comparative  resistance  of  the  individual  speci- 
mens when  frozen  in  water  may  be  studied  by  referring 
to  figure  20,  which  shows  for  each  tost  disk  the  number 
of  cycles  at  which  the  various  stages  of  unsoundness 
were  observed.  Thus,  for  Project  A,  cement  classifica- 
tion 1439,  the  figure  shows  that  of  the  two  unblended 


cement  specimens,  one  developed  questionable  sound- 
ness at  50  alternations,  became  definitely  unsound  at 
GO,  and  disintegrated  at  75.  The  other  specimen  was 
questionable  at  20  alternations  and  disintegrated  at  25. 
The  two  blended  specimens  were  sound  at  150  alterna- 
tions. It  will  be  observed  that  there  is  no  consistent 
relation  between  composition  of  cement  and  resistance 
to  freezing.  This  has  already  been  commented  upon 
and  would  appear  to  justify  the  method  of  rating  the 
groups  as  a  whole  as  shown  in  table  12. 

An  interesting  feature  of  figure  20  is  the  close  agree- 
ment which  was  observed  in  general  between  the  be- 
havior of  the  two  specimens  representing  a  given  con- 
crete. In  many  cases,  failure  progressed  at  almost  an 
identical  rate.  The  figure  also  shows  the  comparatively 
low  resistance  offered  by  the  blended  cement  specimens 
from  Projects  C  and  D.  Whether  this  was  caused  by 
the  fact  that  natural  cement  H  was  used  or  by  the  fact 
that  the  concrete  in  these  projects  appeared,  in  general, 
to  be  of  poorer  quality  than  the  concrete  used  in  Projects 
A  and  B  was  not  determined  definitely.  The  fact 
remains,  however,  that  the  use  of  natural  cement  H 
did  not  improve  the  concrete  in  Project  C  at  all  and 
that  while  some  improvement  was  shown  for  Project 
D,  the  results  were  not  so  positive  as  those  indicated 
for  Projects  A  and  B,  in  both  of  which  natural  cement 
G  was  used. 

Although  there  will  be  no  extended  discussion  of  the 
action  of  the  blended  cement  concrete  as  compared  to 
concrete  containing  only  portland  cement,  there  were 
certain  physical  differences  noted  in  the  concrete  at  the 
time  the  specimens  were  fabricated  which  will  be  dis- 
cussed briefly.  It  has  been  observed  in  the  field  that 
there  is  less  bleeding  or  water  gain  in  concrete  made  with 
the  blended  cement  than  there  is  when  portland  cement 
is  used  alone.  This  observation  led  to  a  short  labora- 
tory investigation,  the  purpose  of  which  was  to  deter- 
mine the  amount  of  water  accumulating  on  the  top  of 
the  fabricated  specimens. 

The  concrete  was  proportioned  in  accordance  with 
New  York  State  highway  specifications  and  contained 
approximately  6.3  sacks  of  cement  per  cubic  yard.  A 
slump  of  2%  inches  was  used,  requiring  a  water-cement 
ratio  of  0.70. 

Test  specimens  consisted  of  6-  by  6-  by  21-inch  beams 
molded  in  the  usual  way.  After  molding,  the  tops  of 
the  specimens  were  exposed  to  the  laboratory  air.  Two 
specimens  were  made  using  100  percent  portland  cement, 
two  using  a  blend  of  86  percent  portland  cement  and 
14  percent  natural  cement,  and  two  using  72  percent 
portland  cement  and  28  percent  natural  cement. 

At  stated  intervals  after  molding,  the  water  which 
had  accumulated  at-  the  top  was  carefully  removed. 
The  total  water  removed  at  the  end  of  2%  hours  is  shown 
in  table  13,  expressed  as  a  percentage  of  the  free  water 
going  into  the  concrete.  This  table  also  gives  the 
results  of  a  second  test  made  several  days  later,  showing 
the  total  water  removed  at  the  end  of  4  hours. 

From  the  results  shown  in  the  table  it  is  evident  that 
the  substitution  of  natural  cement  for  portland  cement 
was  effective  in  reducing  bleeding.  As  will  be  noted, 
the  bleeding  was  reduced  as  the  amount  of  natural 
cement  was  increased,  a  replacement  of  28  percent 
resulting  in  a  reduction  of  more  than  one-half.  Assum- 
ing that  bleeding  leaves  the  upper  layer  of  concrete 
porous  and  weak  as  compared  to  the  lower  structure, 
it  is  apparent  that  the  use  of  materials  or  methods  of 
manipulation  which  will  reduce  bleeding  should  prove 
beneficial. 
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Figure  20. — Effect  of  Freezing  and  Thawing  Concrete  Core  Specimens  in  Water. 
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Table  13. —  Water  removed  from  tups  of  6  by  6  by  21-inch  beam 
specimens  in  bleeding  tests 


Cement  hlerjd 


Purl  land 


100  percent 
86  percent. 
72  percent. 


Natural 
cement  G 


Percent 
0 
14 
28 


Water  removed  from 
specimens  l 


First  test      Second  test 


Ptrcen' 


4.6 

3.5 


Percent 


7.4 
4.8 
2.9 


1  Based  on  total  free  water  in  concrete. 

Data  have  been  presented  to  show  how  the  substii  u- 
tion  of  natural  cement  for  portland  cement  materially 
increased  the  resistance  to  frost  action  of  the  top  por- 
tions of  the  drilled  cores. 

In  order  to  determine  what  effect  water  travel  or 
bleeding  has  on  durability,  2-inch  disks  were  cut  from 
the  tops  and  also  the  bottoms  of  9  identical  cores  and 
alternately  frozen  and  thawed  in  a  10-percent  calcium 
chloride  solution  until  failure  occurred.  It  wTas  found 
that  the  average  number  of  alternations  required  to 
produce  failure  was  20  for  the  tops  of  the  cores  and  35 
for  the  bottoms,  a  difference  of  15  alternations.  All  of 
the  specimens  were  taken  from  Projects  A  and  B  and 
represented  five  different  portland  cements,  none  of 
which  was  blended  with  natural  cement. 

SUMMARY  OF  RESULTS 

In  the  summary  given  below  reference  to  a  1-  or  2- 
sack  replacement  of  portland  cement  by  natural  cement 


corresponds  to  a  14  or  28  percent  replacement  by 
weight,  respectively.  The  values  for  strength  are  the 
averages  of  results  of  tests  at  all  ages  at  which  deter- 
minations were  made. 

A.  The  results  of  tests  on  specimens  fabricated  in 
the  laboratory  indicate  that  replacing  a  portion  of  the 
Portland  cement  with  natural  cement: 

1.  Reduced  the  average  crushing  strength  of  1 :2 
mortar  specimens  7  percent  for  the  1-sack  replacement 
and  19  percent  for  the  2-sack  replacement  (figs.  2  and  3). 

2.  Reduced  the  average  flexural  strength  of  1:2 
mortar  specimens  6  percent  for  the  1-sack  replacement 
and  15  percent  for  the  2-sack  replacement  (figs.  4  and  5). 

3.  Increased  expansion  of  1 :2  mortar  bars  under 
continuous  water  storage  up  to  180  days  (figs.  6  and  7). 

4.  Slightly  increased  contraction  of  1:2  mortar 
bars  under  air  storage  conditions  up  to  120  days  (figs. 
6  and  7). 

5.  Considerably  reduced  the  expansion  of  1:2 
mortar  bars  caused  by  repeated  freezing  and  thawing, 
followed  by  heating,  cooling  and  resaturation  (figs.  8 
and  9). 

6.  Decreased  the  bulk  specific  gravity  and  in- 
creased the  water  absorption  of  1 :2  mortar  specimens 
(table  9). 

7.  Reduced  the  expansion  of  1:5  mortar  bars 
when  subjected  to  the  action  of  a  10-percent  sulphate 
solution  (fig.  10). 

8.  Increased  the  expansion  of  neat  cement  bars 
when  subjected  to  the  autoclave  test  at  420°  F.  for 
3  hours  (fig.  10). 
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9.  Reduced  the  average  crushing  strength  of 
concrete  specimens  containing  6  sacks  of  cement  per 
cubic  yard  of  concrete,  4  percent  for  the  I -sack  replace- 
ment and  12  percent  for  the  2-sack  replacement 
(fig.    11). 

10.  Increased  the  average  flexural  strength  of 
concrete  specimens  containing  6  sacks  of  cement  per 
cubic  yard  of  concrete  1  percent  for  the  1-sack  replace- 
ment and  reduced  the  flexural  strength  6  percent  for 
the  2-sack  replacement  (fig.  11). 

11.  Decreased  the  average  modulus  of  elasticity 
of  concrete  specimens  containing  6  sacks  of  cement  per 
cubic  yard  of  concrete  1  percent  for  the  1-sack  replace- 
ment and  5  percent  for  the  2-sack  replacement  (fig.  11). 

B.  The  results  of  tests  on  cores  taken  from  con- 
crete pavements  indicate  that  replacing  a  portion  of  the 
Portland    cement    with    natural    cement    considerably 


increased  the  resistance  of  the  surface  of  the  concrete  to 
freezing  and  thawing  in  water  and  in  a  10-percent 
solution  of  calcium  chloride  (table  12  and  fig.  20). 

In  the  tests  covered  by  the  above  statement  greater 
improvement  in  resistance  was  obtained  by  the  use  of 
natural  cement  G  than  by  the  use  of  natural  cement  H. 

CONCLUSIONS 

These  tests  indicate  that,  although  the  crushing  and 
flexural  strength  of  pavement  concrete  may  be  slightly 
reduced  by  the  replacement  of  14  or  28  percent  of  the 
Portland  cement  with  natural  cement  G,  the  resistance 
of  the  pavement  surface  to  alternate  freezing  and  thaw- 
ing will  be  materially  increased.  No  laboratory  tests 
were  made  using  natural  cement  H  and  tests  of  field 
specimens  indicate  that  natural  cement  H  did  not 
improve  the  resistance  of  the  concrete  to  the  same 
extent  as  natural  cement  G. 


HIGHWAY  RESEARCH  BOARD  TO  MEET  SOON 

The  Eighteenth  Annual  Meeting  of  the  Highway  Research  Board  of  the  National  Research 
Council  will  be  held  in  Washington,  D.  C,  Monday,  November  28,  to  Friday,  December  2, 
1938.  Reports  on  highway  research  investigations  will  be  presented,  and  the  formal  meetings 
of  the  Board  will  be  interspersed  with  open  meetings  for  informal  discussion  of  pertinent  topics. 
A  program  of  reports  is  to  be  announced  by  the  Board  in  the  near  future. 
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A  STUDY  OF  SAND-CLAY  MATERIALS  FOR 
BASE  COURSE  CONSTRUCTION 

BY  THE  DIVISION  OF  TFS'IS,  BUREAU  OF  PUBLK    ROADS 


,  C.  A.  CARPENTEP  '  ivil  Engineer,  and  E.  A.  WILLIS 


C'  MG    EXPERIENCE    with    low-cost    roads   in    the 
southern    States    has    demonstrated    thai    certain 
natural  mixtures  of  sand  and  flay,  with   varying 
amounl  rser  materials,  cellently  as  road 

relatively  lighl  traffic.  As  traffic  on  such 
roads  increases,  the  necessity  for  applying  some  type 
of  treatment  to  provide  abrasion  resistance  becomes 
increasingly  apparent.     Experience  in  the  use  ol 

ents  has  indicated  thai  roads  highly  stable 

tmeni    may    become    unstable    bases    when 

co  ered  with  a  waterproof  surfacing.     This  was  clearly 

shown  by  a  survey  of  surface  treatments  on  sand-clay, 

topsoil,  and  gra  es  in  North  Carolina  conducted 

the  Bureau  of  Public   Roads  in   cooperation   with 

dust  iy  in  193 
In  o  dv  further  the  properties  of  materials 

table    for   low-cost  for    bituminous    wearing 

the  indoor  circular  track  shown  on  the  <■ 
pagi  utilized    to  investigate   the   behavior  of   1  i 

fji(|.  and-clay   base-course   materials   under  con- 

trolled traffic  and  moisture  conditions.  The  investiga- 
tion conducted  in  the  B  laboratories  at 
the  Arlington  Experiment  Farm,  Arlington,  Va. 

This  circulai  which  has  been  fully  described  in 

P  ..;..'  Roads,  vol.  14,  no.  11,  page  219,  and  vol.  17, 
of  a  circular  concrete  trough  1  2 
inches  deep,  18  inches  wide,  and  12  feet  in  diameter  af 
the  center  line.  Facilities  are  provided  for  introducing 
into  the  trough  through  the.  bottom  of  the  inner 
wall  and  for  maintaining  any  desired  water  elevation 
iri  the  trough,  as  shown  in  figure  I. 

>plied  by  two  automobile  wheels,  equipped 
with  low-pressure  tires  and  mounted  on  the  ends  of  a 
trallv  pivoted  3teel  beam.  The  tires  used  in  these 
ere  of  the  balloon  type,  size  6.00  20,  inflated  to 
35  pound-  per  square  inch.  The  normal  load  on  each 
wheel  consisted  of  one-half  the  weight  of  the  beam^and 
wheel  assembly,  or  800  pounds.  This  was  increased  to 
1,000  pounds  during  the  later  stages  of  the  tests  by 
hanging  lead  weights  on  the  beam. 

i  Tar   .-iirf;.r*    1 
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;   Track  Showing  Arranoemeni 
VI  or  Testi  ! 

Distributed  traffic,  which  was  used  for  compacting 
and  in  the  early  was  obtained  by 

gradually   shifting  tip  of  rotation   of  the   beam, 

causing  the  wheel.-  to  pursue  an  alternately  expanding 
and  contracting  spiral  course  covering  the  entire  track 
'  loncentrated  traffic,  which  was  used  in  the  later 
stages  of  the  tests,  was  obtained  by  locking  the  sliding 
pi  ol  of  the  beam  in  such  a  position  that  the  wheels 
pursued  two  concentric  circular  courses  whose  center 
e  about  2  inches  on  either  side  of  the  center 
line  of  the  I  ctions. 

The   1  1    sand-clay  materials  used  in   the  tests  were. 
made  up  of  Potomac  R  and,  pulverized  silica,  and 

a  red  clay  soil  of  local  origin  having  a  liquid  limit  of 
90  and  a  plasticity  index  of  78.  These  materials  were 
combined  in  various  proportions  to  produce  mi 

ig  the  gradings  and   pla  ticit  shown   in 

table  1.     Five  of  these  mixtures,  referred  to  in  table  I 
as  series  1,  were  designed  to  have  essentially  the 
grading  and  to  have  plasticity  indexes  varying  from  0 
to    ]H.     The  grading  selected    was  similar  to  that  of 
materials    used    <■  ely   in    actual   sand-clay    base 

construction.     The  other  six  mi  referred   to  in 

table  1   •'-  -'lie-  _'.  were  designed  to  have  a  plasticitj 
of  approximately  5  and  various  gradings. 

The  proportion-  of  -nnd  to  clay  required  to  produce 
the  desired  plasticity  indexes  were  determined  by  -.oil 

on  preliminary   mixtures.     For  this  purposi 
was  made  of  the  following  procedure  which  has  been 
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found    advantageous   in    proportioning    available    ma- 
terials for  use.  in  actual  construction. 

PROPORTIONS    OF    MATERIALS    ESTABLISHED     BY     PRELIMINARY 

TESTS 

Plasticity  tests  were  made  on  a  number  of  mixtures 
which  contained  different  amounts  of  the  clay  soil. 
The  liquid  limits  and  plasticity  indexes  were  plotted 
against  the  clay  soil  contents  of  the  mixtures,  as  shown 
in  figure  2.  The  proportions  of  clay  soil  necessary  to 
give  the  mixtures  the  desired  plasticity  indexes  were 
then  determined  from  the  lower  curve.  The  upper 
curve  showed  the  corresponding  liquid  limit.  In  series 
1,  where  a  constant  grading  was  desired,  various  pro- 
portions of  fine  clay  soil  and  pulverized  silica,  both 
passing  the  No.  200  sieve,  were  used  to  vary  the  plas- 
ticity index  without  materially  altering  the  total 
amount  passing  the  No.  200  sieve. 

36 


V 


^  24 


20 


LIQUID 

1 

LIMIT  CURVE  -\ 

-  /  \ 

i 
I 
i 

S    \ 

^\ 

l 

i 

I 

1 

1 

!/ 

i 

1 
1 

1 
l 

i 

/      1 
/ 

^-PLASTICITY 
INDEX  CURVE 

1 

i 

1 
1 
1 
| 

1 

'      I 

1 

'  1 

1 
1 
1 

1 
1 
1 

!/ 

1 

1 
1 
1 
1 

1 
1 

1 

8  12  16  20  24 

PERCENTAGE  OF  CLAY  SOIL  IN  TOTAL  Mixture 


32 


Figure   2. — Effect  of  Clay  Soil  Content  on  the  Liquid 
Limit  and  Plasticity  Index  of  Sand-Clay  Mixtures. 

The  gradings  and  soil  constants  given  in  table  1  are 
those  of  the  final  mixtures  as  prepared  for  the  circular 
track  tests. 

All  five  of  the  mixtures  in  series  1  were  tested  simul- 
taneously in  the  track,  each  mixture  comprising  a  test 
section  18  inches  wide  and  approximately  7.5  feet  long. 
In  the  second  track  containing  the  six  mixtures  of 
series  2,  the  length  of  each  test  section  was  approxi- 
mately 6.3  feet,  or  one-sixth  of  the  track  circumference. 
The  depth  of  each  test  section  was  approximately  6 
inches  after  compaction. 

In  constructing  track  1,  the  materials  for  the  five  test 
sections  were  combined  with  water  to  attain  approxi- 
mately 1  percent  more  than  their  optimum  moisture 
contents  as  determined  by  the  Proctor  compaction 
test,2  while  the  six  materials  in  track  2  had  slightly  less 
than  their  Proctor  optimum  moisture  contents.  This 
difference  was  introduced  for  two  reasons:  First,  because 

'  Fundamental  Principles  of  Soil  Compaction,  by  R.  R.  Proctor,  Engineering  News- 
Record,  vol.  Ill,  nos.  9.  10,  12.  and  13, 


Figure  3. — Typical  Appearance  of  Sand-Clay  Base  Sections 
in  Circular  Track  After  Compacting  and  Trimming 
Preparatory  to  Applying  Surface  Treatment. 

the  loss  of  water  during  mixing  under  laboratory  condi- 
tions proved  to  be  less  than  was  anticipated;  and  second, 
because  the  track  tests  of  series  1  and  concurrent  mold- 
ing tests  utilizing  direct  compression  of  3,000  pounds 
per  square  inch  indicated  that  higher  densities  could  be 
produced  than  had  been  obtained  by  the  Proctor 
method.  It  was  also  found  that  maximum  density 
was  obtained  both  by  direct  compression  and  in  the 
track  at  lower  moisture  contents  than  by  the  Proctor 
method. 

In  actual  road  construction,  the  slight  excess  of  mois- 
ture resulting  from  the  use  of  the  Proctor  optimum 
moisture  content  is  advantageous  in  insuring  that  suffi- 
cient moisture  for  compaction  will  remain  after  the 
necessarily  longer  period  of  mixing. 

The  optimum  moisture  contents  as  determined  by 
the  Proctor  tests  and  the  moisture  contents  of  the  track 
sections  after  the  first  day's  compacting  traffic  are 
given  in  table  2. 

Aside  from  the  differences  noted  in  moisture  con- 
tents, the  procedure  for  preparing  the  materials  for  the 
track  tests,  constructing  the  test  sections,  and  surface 
treating  them,  was  the  same  for  both  tracks  and  was 
as  follows: 

1.  The  moistened  sand-clay  mixtures  were  first  thor- 
oughly mixed  to  distribute  the  water  uniformly   and 
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Table  2. — Optimum  moisture  contents  and  actual  moisture  con- 
tents of  track  sections  after  1  da;/  of  compaction  by  traffic 


Test  section 

Proctor 
optimum 
moisture 

content 

Moisture 

in  sections 

after  1 

day  of 

compaction 

Series  1 
Section  1 

Per<r  Hi 
s  (J 

y.  3 
10.  3 

io,  i; 

10  0 

9  8 

in  2 
9  9 

111  n 
'i   1 

Percent 
- 
10.  n 
10.7 
11.0 
11.7 

7.3 

8.7 

8  i, 

2 

3 

4 

5 . 

Series  2 
Section  1 

2.   ... 

3 

4 ...    

6         

were  then  placed  in  the  track  in  two  approximately 
equal  layers,  each  layer  being  compacted  with  pneu- 
matic-tired traffic  uniformly  distributed  over  the 
surface. 

2.  Compaction  was  continued  on  the  top  layer  until 
no  further  subsidence  was  noted,  8,000  wheel-trips 
being  applied  to  the  sections  in  series  1  and  32,000 
wheel-trips  to  the  sections  in  series  2. 

3.  The  sections  were  trimmed  smooth  as  shown  in 
figure  3  and  allowed  to  dry  for  several  days. 

4.  A  prime  coat  consisting  of  0.3  gallon  per  square 
yard  of  light  tar  was  applied  and  allowed  to  cure. 

5.  A  surface  treatment  consisting  of  an  application 
of  0.4  gallon  of  hot  application  bituminous  material 


/4-inch 


and  a  cover  of  50  pounds  per  square  yard  of 
maximum  size  stone  was  constructed. 

6.  The  treatment  was  consolidated  by  additional 
distributed  traffic  until  the  surface  was  well  sealed  and 
showed  no  movement. 

Series  1. — The  schedule  of  traffic  application  and 
changes  in  water  elevation,  with  notations  on  t\w  be- 
havior of  the  five  test  sections  of  series  1,  are  given  in 
table  3.  Table  4  shows  the  densities  and  the  moisture 
and  void  contents  of  tlie  track  sections  at  successive 
stages  during  compaction  and  at  the  conclusion  of  the 
traffic  test. 

The  data  in  table  4  were  obtained  from  tests  on  core 
samples  taken  with  a  2-inch  tubular  core  cutter.  All 
holes  from  which  samples  were  taken  were  filled  im- 
mediately with  excess  material  from  the  original 
mixtures,  thoroughly  tamped  into  place  by  hand.  The 
factors  of  density  and  moisture  content  were  not 
investigated  during  the  test  period  from  36,000  wheel- 
trips  to  266,000  wheel-trips  because  it  was  believed  that 
sampling  during  this  time  would  cause  premature 
failures  in  the  vicinity  of  the  places  where  samples  were 
taken.  The  data  in  table  4  represent  the  average  con- 
ditions in  the  top  half  of  the  base-course  sections.  In 
series  1,  the  bottom  half  of  each  section  was  less  dense 
than  the  top  half  and  contained  more  water  late  in  the 
compaction  period  and  at  the  conclusion  of  the  test. 

ADMITTING    WATER    TO    BASE    CAUSED    EARLY    FAILURE   OF   SOME 
SECTIONS 

Figure  4  shows  the  rate  of  consolidation  and  the  rate 
at  which  vertical  displacement  occurred  in  the  track  sur- 


Ta 

ble  3.— Schedule  of 

operati 

ons  and  ochavioi 

of  test  sections 

n  circular  track 

tests,  series  1 

Traffic 

Water 

level 

above 

top  of 

sub-base 

Behavior 

Operation 

Sec- 
tion 1, 
p.r  =0 

Section  2.  P.  I.  =  5 

Section  3,  P.  I.  =  9 

Section  4,  P.  I.  =  13 

Sec- 
tion 5, 
P.I.  =  18 

Remarks 

Compacting  base 

Wheel-trips 

II    S.  (111(1 

2  8,  000-36. 000 

36, 000-120,  000 

120,  000-160,  0C0 

160,000-176,000 

176.  000-248, 000 
24S,  000-266,  000 

Inches 
0) 
(') 

0 

0 

0 

+2 
+3 

Good. 

...do... 

...do... 
...do... 
.  .do. 

Unstable 

Slightly  unstable 

do 

Good 

Slightly  unstable., 
do 

Good 

Good.... 
...do 

Failed... 

Compacting  base  and  surface 

treatment. 
Testing  with  distributed  traf- 

Slightly unstable. . 
...    do.— 

fic.3 
Testing  with  concentrated  traf- 

 do 

....  do 

impervious  surface  seal. 
Do. 

fic. 
Do 

do 

....  do 

Trapped  air  released  allowing 
water  to  rise. 

Do 

...do.  . 

.     do 

Some  movement. 

Do 

...do... 

do 

Some  crackine 

1  No  water  in  sub-base. 

2  Water  admitted  to  sub-base  at  36,000  wheel-trips. 

3  Wheel  loads  increased  from  800  pounds  to  1,000  pounds  at  107,000  wheel-trips. 


Table  4. — 

-Water  content  and  dens 

'ty  of 

circa 

lar  track  sections  from  test 

?  on  core  samples  l  in 

series  1 

Section   1 

Section  2 

Section  3 

Section  4 

Section  j 

Number 

■a 

Composition  by 

£ 

Composition  bv 

Q3 

Composition  by- 

V 

Composition  by 

a> 

Composition  bv 

of  wheel- 
trips 

Condition  of  sub-base 

<3~ 

volume 

Si 

-  :. 

v  s 

a  > 

O  i_ 

-  t 

volume 

z  — 

volume 

"■a 

volume 

11 

is? 

volume 

when  core 

samples 

taken 

"3 

be 

~ 

03 
bfi 

3J 

-r 

3} 
SO 

| 

3. 
03 

to 

3 

a  ° 

03 

u 

03   - 

3. 

OJJ 

V   - 
03   c 

3 

a  c 

OJ 
03 

SO 

til 

Z 

a  = 

« 

BO 
bo 

> 

^ 

*t* 

^ 

" 

<< 

< 

? 

Z~ 

< 

* 

" 

< 

< 

- 

" 

< 

-r; 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

Cl  lit 

cent 

cent 

cent 

cent 

cent 

cent 

2,200 

Dry... 

8.3 
5.S 

15.8 
11.0 

70.8 
70.8 

13.4 
18.2 

10.0 
8.3 

19.8 
17.4 

73.7 
78.0 

6  :. 
4.6 

10.7 
9.6 

21.4 
19.8 

74.6 
76.8 

4.0 
3.4 

11.0 
9.5 

21.7 
19.5 

73.5 

76.  5 

4.8 
4.0 

11.7 

10.5 

'•3.  1 
21   2 

73.6 

75.  3 

3.3 

8,  000 

do... 

3.5 

20,  000 

do. 

4.2 

8.0 

70.9 

21.  1 

6.9 

15.0 

81.  1 

3.9 

7.8 

16.5 

79.1 

4.4 

8  i, 

18.  2 

79.  0 

2.8 

9.3 

19.2 

77.1 

3.7 

36.  000 
8  266,  000 

6.7 
6.7 

14.7 
14.5 

81.6 
80.8 

3.7 

4  7 

8  0 

16  . 
17.  1 

79.  7 

79.  5 

3.8 

3.4 

9.0 
8.9 

19.2 

18  6 

79.  6 

7S   1 

1.2 
3.3 

Wet 

7.6 

15.3 

74.8 

9.9 

10.3 

21.0 

76.2 

2.8 

1  All  core  samples  were  taken  from  the  top  half  of  the  base  course. 

»  All  traffic  up  to  120,000  wheel  trips  distributed;  traffic  from  120,000  to  266,000  wheel  trips  concentrated. 
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AMOUNT  OF  TRAFFIC  -THOUSANDS  OF  WHEEL-TRIPS 

Figure  4. — Rates  of  Consolidation  and  Surface  Displacement  Under  Traffic,  Series  1. 


face  under  traffic.  The  upper  set  of  curves,  showing  rate 
of  consolidation,  was  plotted  from  the  data  in  table  4. 
The  lower  set,  showing  rate  of  surface  displacement, 
was  plotted  from  data  obtained  by  means  of  a  recording 
transverse  profilometer  with  which  changes  in  shape 
and  elevation  of  the  surface  caused  by  displacement  of 
material  within  the  base  course  were  measured.  Typi- 
cal examples  of  the  records  obtained  with  the  trans- 
verse profilometer  are  shown  in  figure  5.  Two  stations 
were  established  on  each  test  section  for  taking  periodic 
readings  with  the  profilometer  and  each  point  on  the 
displacement  curves  in  figure  4  represents  the  average 
of  the  displacement  obtained  at  the  two  stations. 

The  comparative  quality  of  the  various  materials 
used  in  both  series  1  and  series  2  was  judged  primarily 
by  the  amount  of  vertical  displacement  produced  in  the 
test  sections  by  the  test  traffic  and  the  rate  at  which  this 
displacement  occurred.  It  was  observed  that,  regard- 
less of  the  time  required  to  produce  it,  an  average 
vertical  displacement  of  about  0.25  inch  was  sufficient 
to  cause  marked  damage  to  the  bituminous  wearing 
course.  Such  damage  consisted  of  cracking,  curling, 
and  separation  of  the  surface  treatment  from  the  base 
lrse.  It  was  also  observed  that  the  rate  of  displace- 
ment was  relatively  high  early  in  the  test  period  (see 
figure  4)  and  became  progressively  less  as  traffic  was 
continued.  That  there  was  a  wide  difference  in  the 
quality  of  the  materials  in  both  tracks  was  shown  by 


the  fact  that  the  satisfactory  materials  withstood  from 
90,000  to  140,000  more  wheel-trips  than  the  unsatis- 
factory materials  without  showing  appreciable  indica- 
tions of  failure. 

In  series  1,  section  4  failed  at  approximately  176,000 
wheel-trips,  or  140,000  wheel-trips  after  water  was  ad- 
mitted to  the  sub-base.  Previous  to  that  time  or  at 
approximately  108,000  wheel-trips,  section  5  had  failed. 
Sections  1  and  2  continued  to  withstand  traffic  without 
any  indication  of  failure  to  the  end  of  the  test  at  266,000 
wheel-trips.  Section  3  remained  in  good  condition, 
except  for  minor  cracking,  up  to  266,000  wheel-trips  but 
could  be  seen  to  move  slightly  under  each  wheel  passage 
after  the  water  level  was  raised  to  3  inches  above  the 
bottom  of  the  base  course  at  248,000  wheel-trips.  The 
material  in  section  3  was  therefore  classed  as  doubtful 
or  border-line. 

The  behavior  of  the  test  sections  in  series  1  is  well 
illustrated  by  the  appearance  of  sections  1,  4,  and  5 
during  the  traffic  test,  as  shown  in  figure  6.  Sections 
4  and  5  had  definitely  failed  as  indicated  by  excessive 
movement,  rutting  and  corrugation,  and  the  breaking 
and  scaling  of  the  surface  treatment.  Although  section 
1  looked  slightly  better  at  tins  stage  than  sections  2 
and  3,  the  difference  was  so  slight  that  the  left  illustra- 
tion in  figure  6  may  be  considered  typical  of  the  ap- 
pearance of  sections  1,  2,  and  3  at  this  time  and  also 
at  the  conclusion  of  the  test  at  266,000  wheel-trips. 
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SECTION 


PLASTICITY    INDEX 


section    5-  plasticity  index  18 
Figure  5. — Typical  Cross  Sections  of  Test  Track  Showing  Comparative  Effects  of  Concentrated  Traffic. 


Series  2. — The  schedule  of  traffic  application  and 
changes  in  water  elevation  with  notations  on  behavior 
of  the  test  sections  in  series  2  are  given  in  table  5. 
Table  6  shows  the  densities  and  the  moisture  and  void 
contents  in  the  top  half  of  the  track  sections  during 
the  compaction  period  and  at  the  conclusion  of  the  test. 
Data  for  sections  1,  2,  and  4  are  given  up  to  the  time 
of  failure.  These  sections  failed  completely  almost  im- 
mediately after  the  water  was  admitted  to  the  sub-base  and 


had  to  bereplaced  with  more  stable  material  before  the  test 
on  the  three  remaining  sections  could  be  continued. 

Figure  7  shows  the  rates  of  consolidation  and  vertical 
displacement  for  the  sections  in  series  2.  The  upper 
group  of  curves,  showing  rate  of  consolidation,  was 
plotted  from  table  6  and  the  lower  group  showing  rate 
of  displacement  was  plotted  from  the  cross  section  pro- 
file data  obtained  in  the  same  way  as  that  described  in 
connection  with  series  1. 


Table 

5. — Schedule 

of  operation*  and  behavior  of  lest  sections 

in  ci renin 

r  trad:  tests,  series  .' 

Traffic 

Water 
level 
above 

|()|l  Of 

sub-base 

Beha\  ior 

Operation 

Section  1 

Section  2 

Section  3 

3ecl  ion  4 

Section  5 

Sect  ion  6 

Compacting  base  ..       

Compacting  base  and  surface  treat- 
ment. 
Testing  with  distributed  traffic3.  .. 
Testing  with  concentrated  traffic... 

Wheel -trips 
0-32,000 
-32.00  1  60,000 

60,000  120,000 
120,000-200,000 

Inches 
(1) 
(1) 

+  \i 

Good 

do 

Failed  at  61,000... 

(iood    

do 

Failed  at  63,000—. 

Unstable- 
Good 

...do 

.  do  . 

(iood. 

do 

Failed  :ii  61, i 

Unstable.. 
• ; l 

.  'i  i 

..do 

Slight  ly  unstable. 
( (ood. 

Do. 
Slight  l\  nil  ;table 

1  No  water  in  sub-base. 

2  Water  admitted  to  sub-base  at  60,000  wheel-trips. 

3  Wheel  loads  increased  from  800  pounds  to  1,000  pounds  at  82,000  wheel-trips. 
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SECTION  I.    176,000  WHEEL-TRIPS        SECTION  4.    176,000 WHEEL-TRIPS  SECTION  5.     140,000 WHEEL-TRIPS 

Figure  6.— Appearances  of  Three  Sections  of  Track  1  After  Various  Amounts  of  Test  Traffic.     Sections  4  and  5  Had 

Failed. 


Table  6. — 

Water  content  and  der 
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bo 

<! 
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< 

"•a 

CO 
be 
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bo 

> 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 
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Pfr- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

P«- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 
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ec?!/ 

cewt 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cen  t 

cent 

cent 

cent 

cent 

cent 

2,700 

Dry 

8.3 

15.5 

70.1 

14.4 

7.3 

14.3 

73.3 

12.4 

8.7 

17.4 

74.7 

7.9 

8.3 

16.0 

72.0 

12.0 

8.6 

17.6 

76.4 

6.0 

6.9 

14.0 

76.2 

9.8 

24, 000 

do 

7.  S 

14.3 

71.3 

14.4 

6.6 

12.9 

73.3 

13.8 

7  9 

16  9 

79.  7 

3.4 

7.5 

14.5 

72.6 

12.9 

7.5 

15.7 

78.4 

5.9 

5.8 

12.4 

80.0 

7.6 

60, 000 

Water  admitted 

61,000 

Wet 

10.5 

20.9 

74.7 

4.4 

10.4 

20.8 

74.9 

4.3 

63, 000 

_.di _ 

do... 

9.6 

19.5 

76.1 

4.  4 

s  200, 0U0 

7.4 

15.8 

79.6 

4.6 

5.9 

12.8 

81.2 

6.0 

5.5 

11.8 

80.6 

7.6 

■  Core  samples  taken  from  top  half  of  the  base  course. 

»  All  traffic  up  to  120,000  wheel-trips  distributed;  traffic  from  120,000  to  200,000  wheel-trips  concentrated. 


As  in  series  1,  the  displacement  curves  clearly  dis- 
tinguished the  satisfactory  materials  from  those  that 
failed.  Sections  1  and  4  withstood  only  1,000  wheel- 
trips  of  distributed  traffic  after  the  water  was  admit- 
ted to  the  sub-base,  and  section  2  withstood  only 
3,000  wheel- trips.  The  average  vertical  displace- 
ments measured  after  failure  were  0.87  inch  for  section 
1,  0.67  inch  for  section  4,  and  0.64  inch  for  section  2. 
Sections  3  and  5  remained  in  excellent  condition 
throughout  the  test  and  showed  final  displacements  of 
only  0.16  inch  and  0.06  inch,  respectively.  Section  6 
was  generally  stable  throughout  the  test  and  showed  a 
final  displacement  of  only  0.17  inch,,  but  at  about 
120,000  wheel-trips  it  developed  sufficient  movement 
under  traffic  to  cause  some  cracking  and  edge  raveling. 
Later  in  the  test  this  condition  disappeared  but  the 
temporary  weakness  shown  was  held  to  justify  the 
classification  of  the  material  in  this  section  as  border- 
line. 


STABILITY  DURING  COMPACTION  NOT  NECESSARILY  AN 
INDICATION  OF  QUALITY 

In  considering  the  behavior  of  the  11  materials  used 
in  this  investigation,  particularly  during  the  compac- 
tion period,  section  1  of  series  1  must  be  placed  in  a 
class  entirely  separate  from  the  rest.  It  was  the  only 
non-plastic  material  in  the  group.  Its  compaction 
and  stability  relationships  were  decidedly  different 
from  those  of  the  10  plastic  materials. 

From  figures  4  and  7  it  is  evident  that  section  1  of 
series  1  was  the  least  compactible  of  any  of  the  11  ma- 
terials. Its  gain  in  density  during  the  compaction 
period,  after  the  initial  determination  at  2,200  wheel- 
trips,  was  so  slight  as  to  be  of  no  significance  whatever; 
and  at  the  end  of  the  test  its  density,  while  appreciably 
higher  than  at  2,200  wheel-trips,  was  less  than  the  final 
density  of  any  other  section  except  section  1  of  series  2. 
At  no  time,  however,  either  during  the  compaction  or 
test  periods,  did  it  show  any  evidence  of  instability. 


November  1938 


PUBLIC  ROADS 


o  / 


s  < 


?SECTI0N    I  (FAILED  AT  61,000  WHEEL-TRIPS) 


^SECTION  4  (FAILED  AT  61,000  WHEEL-TRIPS) 
9SECTI0N  2  (FAILED  AT  63,000  WHEEL-TRIPS) 


S™  3KDID  N0T  FAIU 


4  SECTION  5  (DID  NOT  FAIL) 


240 


260 


100  120  140  160  180  200  220 
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Figure  7. — Rates  of  Consolidation  and  Surface  Displacement  Under  Traffic,  Series  2. 
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Of  the  10  plastic  materials,  the  ones  that  gave  satis- 
factory service  in  the  traffic  test  were,  without  excep- 
tion, definitely  unstable  during  the  compaction  period. 
These  were  sections  2  and  3  of  series  1,  and  sections 
3,  5,  and  0  of  series  2.  All  these  materials  compacted 
quite  rapidly  and,  with  the  exception  of  section  .">  of 
series  2,  reached  either  their  highest  or  essentially  their 
highest  density  under  less  than  40,000  wheel-trips  of 
distributed  traffic.  They  were  so  unstable  during  com- 
paction that  it  was  difficult  to  prevent  them  from 
working  out  over  the  curbs  under  traffic  and  it  was 
only  after  a  considerable  drying  period  with  continued 
traffic  and  periodic  reshaping  that  they  set  up  and 
stopped  shoving  and  corrugating. 

Section  4  of  series  1  was  unique  in  that  it  was  unstable 
throughout  both  the  compaction  and  test  periods.  The 
other  four  plastic  materials,  section  5  of  series  1,  and 
sections  1,  2,  and  4  of  series  2,  all  of  which  failed  because 
of  instability  during  the  traffic  test,  set  up  early  in  the 


compaction  period  and  required  little  or  no  reshaping 
Their  tendency  to  set  up  under  early  traffic  prevented 
effective  compaction  and  their  densities  as  shown  in 
figures  4  and  7  were  lower  than  those  of  any  of  the 
satisfactory  materials,  except  the  non-plastic  section  1 
of  series  1  previously  discussed. 

The  lack  of  early  stability  of  the  materials  that  later 
proved  satisfactory  during  the  traffic  test,  even  after 
prolonged  exposure  to  capillary  moisture,  is  empha- 
sized for  two  reasons:  First,  because  such  behavior  in 
field  construction  might  be  misconstrued  and  lead  to  the 
use  of  too  much  clay  in  order  to  facilitate  compaction; 
and  second,  because  it  so  clearly  illustrates  the  im- 
portance of  thorough  compaction  in  conjunction 
with  drying. 

Section  5  of  series  2,  which  is  shown  in  figure  8,  during 
early  compaction  on  the  left,  and  after  200,000  wheel- 
trips  (conclusion  of  the  traffic  test)  on  the  right,  i^ 
typical    of    the   materials    that   showed    early    lack    of 
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Figure  S. — Section  5  of  Series  2  During  Compaction  at  the  Left  and  After  Surface  Treating  and  Applying  Traffic  to  a 
Total  of  200, 0C0  Wheel-Trips  at  the  Right.  This  Section  Was  Instable  During  Early  Compaction  bit  Cave 
Excellent  Service  After  Consolidation  Was  Completed. 


Figure  9.-  Section  ]  of  Series  2.  This  Section  Set  Up  Early  During  the  Compaction  Period,  but  Softened  and  Failed 
Because  of  Instability  at  01,000  Wheel-Trips  or  Only  1,000  Wheel-Trips  After  Water  Was  Admitted  to  the  Sub-base. 
Iji  i  Picture  Taken  at  20,000  Wheel-Trips  or  Early  in  Compaction  Period;  Right  Picture  Shows  Surface  Treated 
Pase  Section   at  Time  of  Failure. 
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stability  and  later  developed  high  stability  and  re- 
sistance to  the  softening  action  of  water.  Figure  9 
shows  comparable  views  of  section  1  of  series  2,  the 
behavior  of  which  was  typical  of  the  sections  that  set  up 
early  in  the  compaction  period  but  became  unstable 
to  the  extent  of  failure  under  test  traffic  after  water 
was  admitted  to  the  sub-base.  The  photograph  at 
the  left  shows  the  section  during  early  compaction 
and  the  one  at  the  right  shows  the  same  section  after  it 
failed  at  61,000  wheel-trips,  or  only  1,000  wheel-trips 
after  water  was  admitted  to  the  sub-base. 

TRACK  DENSITIES  OF  SATISFACTORY  SECTIONS  GENERALLY  CLOSE 
TO  MAXIMUM  VIBRATED  DENSITIES 

Compaction  tests  made  on  the  oven-dried  materials 
from  both  tracks,  using  a  vibratory  method  of  com- 
paction, gave  the  densities  shown  in  table  7.  The 
final  densities  of  the  track  sections  from  tables  4  and  6 
are  repeated  here  for  convenience  of  comparison. 
The  densities  obtained  in  the  standard  Proctor  tests 
are  also  shown. 

Table    7. — Densities  '    of   track    materials    after    compaction    by 
different  methods 


Identification 

Compacted 

by 

vibration 

Top  half  of 

track  at 
end  of  test 

Proctor 
compac- 
tion 

Series  1 
Section  1 

Percent 
80.6 
80.8 
79.6 
78.5 
76.3 

79.6 
81.9 
80.5 
78.8 
81.4 
82.3 

Percent 
74.8 
80.8 
79.5 
78.1 
76.2 

74.7 
76.1 
79.6 
74.9 
81.2 
80.6 

Percent 
74  2 

2 

76.2 

3 

76.2 

4 

75. 1 

5 

74.5 

Series  2 
Section  1 

75.0 

2 

76.5 

3 

75.3 

4 

75.9 

5 

76.2 

6 

77.8 

1  Percentage  of  aggregate  volume  per  unit  of  total  compacted  volume. 

It  is  believed  that  the  densities  obtained  by  vibrating 
the  dry  materials  represent  closely  their  maximum 
obtainable  densities.  Except  for  section  1  of  series  1 
which,  because  of  its  harshness,  was  stable  even  at  the 
lowest  density  recorded,  the  materials  that  failed  to 
compact  in  the  track  to  essentially  their  maximum 
vibrated  densities  failed  to  withstand  the  traffic  test. 
These  were  the  materials  in  sections  1,2,  and  4  of  series 
2,  and  their  lack  of  compactibility  under  traffic  is 
attributed  to  their  high  content  of  material  passing 
both  the  No.  40  and  No.  200  sieves. 

It  is  unlikely  that  the  compactibility  of  materials  4 
and  5  of  series  1  played  any  part  in  their  failure.  They 
were  very  close  to  their  maximum  vibrated  densities 
when  failure  occurred  but  both  had  sufficiently  high 
plasticity  indexes  to  cause  them  to  soften  and  become 
plastic  when  subjected  to  wetting,  even  when  fully 
compacted. 

Except  for  materials  1,  2,  and  4  of  series  2,  the 
densities  obtained  in  the  standard  Proctor  test  were 
less  than  those  of  the  track  sections.  However,  the 
use  of  the  standard  Proctor  test  for  predetermining 
probable  actual  densities  of  traffic-  or  roller-compacted, 
granular,  road-building  materials  is  of  minor  impor- 
tance. It  may,  if  desired,  be  modified  to  produce 
densities  more  nearly  in  agreement  with  those  obtained 
on  the  traffic-compacted  track  sections  by  increasing 
either  the  number  or  the  force  of  the  tamping  blows,  but 
its  value  lies  primarily  in  the  ease  and  convenience  with 
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which  it  can  be  used  to  determine  the  necessary  amount 
of  water  to  obtain  compaction  of  soil  in  highway 
construction. 

Supplementary  tests  made  in  the  laboratory  on  small 
samples  of  the  materials  used  in  the  track  sections  were: 
1.  The  compaction  tests  with  the  Proctor  apparatus, 
already  discussed. 

compaction    tests   by   which   the 
density    of    the    aggregates    was 


2.  The  vibratory 
maximum  practical 
investigated. 

3.  Hubbard-Field  stability  tests  on  core  samples 
from  the  track  sections  after  the  traffic  test. 

4.  Hubbard-Field  stability  tests  on  molded  speci- 
mens of  each  material  over  a  range  of  moisture  contents. 

5.  Hubbard-Field  stability  tests  on  molded  specimens 
with  constant  water  content  molded  under  various 
loads  to  determine  the  effect  of  density  on  the  stability 
values. 

The  Hubbard-Field  stability  tests  were  made- in  an 
effort  to  develop  a  method  of  predicting,  by  means  of 
simple  laboratory  tests  on  small  samples,  the  probable 
behavior  of  sand-clay,  base-course  materials  under  un- 
favorable service  conditions.  In  making  the  test 3  a 
cylindrical  specimen  2  inches  in  diameter  and  approxi- 
mately 1  inch  high  is  placed  in  a  2-inch  cylinder,  in  the 
bottom  of  which  is  a  plate  with  a  1%-inch  orifice.  The 
specimen  is  forced  through  the  orifice  and  the  maxi- 
mum load  registered  on  the  testing  machine  while 
forcing  the  specimen  through  the  orifice  is  recorded 
as  the  stability.  The  test  specimens  may  be  either 
sections  cut  from  core  samples  and  tested  at  field 
density  or  they  may  be  molded  from  loose  material 
by  the  same  method  as  that  used  by  the  Bureau  in 
molding  samples  of  sheet  asphalt  for  the  stability  test. 
This  method  consists  of  placing  the  required  amount 
of  loose  material  in  a  2-inch  cylinder  and  compressing 
it  under  a  load  of  3,000  pounds  per  square  inch  with 
plungers  in  both  ends  of  the  cylinder  so  that  compac- 
tion will  be  the  same  on  both  faces  of  the  specimen. 

EFFECT    OF    MOISTURE    CONTENT    ON   STABILITY   OF   SPECIMENS 
STUDIED 

The  results  of  the  Hubbard-Field  stability  tests  on 
cores  from  all  the  test  sections  and  the  corresponding 
moisture  contents,  densities,  and  void  contents,  are 
shown  in  table  8.  Sections  2  and  3  of  series  1  and 
sections  3,  5,  and  6  of  series  2,  showed  high  stabilities 
which  agreed  well  with  their  service  behavior.  Sec- 
tions 1,2,  and  4  of  series  2  showed  very  low  stabilities, 
and  this  was  likewise  consistent  with  their  service 
behavior.  The  Hubbard-Field  stabilities  of  sections  1, 
4,  and  5,  of  series  1,  however,  were  highly  inconsistent 
with  their  service  behavior.  The  stability  test  values 
for  section  1  were  only  about  one-third  those  for  section 
2,  while  the  service  behavior  of  the  two  sections  was 
equally  good.  Section  4  showed  Hubbard-Field  sta- 
bilities appreciably  higher  than  those  of  section  1  and 
the  values  for  section  5  were  only  slightly  less  than  those 
for  section  1.  Yet  both  sections  4  and  5  failed  in  the 
traffic  test. 

Because  of  these  inconsistencies  it  was  concluded  that 
the  Hubbard-Field  stability  at  any  single  water  con- 
tent or  density  could  not  be  relied^  upon  to  furnish 
information  as  to  the  probable  service  behavior  of  a 
sand-clay,  base-course  material.  The  results  of  tests 
next  to  be  described  did,  however,  show  that  when 
stability  tests  were  made  on  specimens  covering  a  range 

s  Method  described  in  Research   Series  No.  1,  Oct.  15,  193.5.  published  by  The 
Asphalt  Institute. 
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Table  8. —  Water  content,  density,  a,7id  Hubbard-Field  stability  of  cored  specimens  from  the  track  sections  in  series  1  and  2 

SERIES  1 


vSec- 

Plas- 

tion 

ticity 

No. 

index 

l 

0 

2 

5 

3 

9 

4 

13 

5 

18 

Depth 


{Top  inch... 
Second  inch 
Third  inch. 
{Top  inch... 
Second  inch 
Third  inch. 
{Top  inch... 
Second  inch 
Third  inch. 
[Top  inch... 
s  Second  inch 
IThird  inch. 

{Top  inch... 
Second  inch 
Third  inch. 


Water 
content 
based  on 

dry 
weight 


Percent 
7.5 
7.6 

7.  6 
6.  0 
6.7 
7.4 
7.4 
8.0 

8.  7 
8.  I 
8.7 
9.8 
9.2 

10.2 
11.6 


Composition  by  volume 


Water 


Percent 
15.2 
15.3 
15.1 
13.1 
14.6 
15.8 
15.9 
17.1 
18.4 
17.2 
18.3 
20.2 
19.0 
21.0 
23.2 


Aggre- 
gate 


Percent 
75.4 
74.8 
74.1 
81.6 
81.0 
79.8 
79.9 
79.9 
78.7 
79.2 
78.3 
76.9 
77.3 
76.7 
74.6 


Air 

voids 


Percent 
9.4 
9.9 
10.8 
5.3 
4.4 
4.4 
I  2 
3.0 
2.9 
3.6 
3.4 
2.9 
3.7 
2.3 
2.2 


Hubbard- 
Field 

stability 


Pounds 
(') 
1,160 

i.oeo 
(») 

3,500 
2,820 
3,050 
2,570 
1,940 
1,770 
1,510 
1,070 
1,100 
740 
440 


Remarks 


Tested  at  266,000  trips  (end  of  traffic  test). 

Do. 

Do. 

Do. 

Do. 


SERIES  2 


(Top  inch... 
Second  inch 
Third  inch.. 
{Top  inch... 
Second  inch 
Third  inch.. 
{Top  inch... 
Second  inch 
Third  inch.. 
)Top  inch... 
Second  inch 
Third  inch.. 
{Top  inch... 
Second  inch 
Third  inch.. 
ITop  inch... 
Second  inch 
Third  inch.. 


10.4 

20.7 

74.6 

4.7 

670 

11.2 

22.2 

74.5 

3.3 

470 

9.9 

19.8 

74.9 

5.3 

730 

9.5 

19.3 

75.9 

4.8 

930 

10.1 

20.6 

76.2 

3.2 

640 

9.3 

18.9 

76.2 

4.9 

880 

6.6 

14.3 

80.7 

5.0 

2,500 

7.6 

16.2 

79.7 

4.1 

2,300 

8.0 

16.8 

78.5 

4.7 

2,050 

9.9 

20.0 

75.5 

4.5 

660 

10.8 

21.6 

74.9 

3.5 

410 

10.5 

20.8 

74.3 

4.9 

400 

5.8 

12.4 

79.7 

7.9 

3,500 

5.9 

12.9 

81.6 

5.5 

3,630 

5.9 

13.0 

82.4 

4.6 

3,700 

5.2 

11.3 

81.2 

7.5 

3,210 

5.5 

11.9 

80.8 

7.3 

3,120 

5.7 

12.2 

79.9 

7.9 

3,050 

Tested  at  61,000  trips  (time  of  failure). 
Tested  at  63,000  trips  (time  of  failure). 
Tested  at  200.000  trips  (end  of  traffic  test). 
Tested  at  61,000  trips  (time  of  failure). 
Tested  at  200.000  trips  (end  of  traffic  test). 
Do. 


1  Top  inch  contained  some  tar  prime  so  that  comparable  stability  was  not  obtained. 

2  Top  inch  too  brittle  to  permit  making  stability  test. 

of  moisture  contents  the  rate  at  which  the  Hubbard  - 
Field  stability  decreased  with  increasing  water  contents, 
after  rising  to  a  maximum  value,  bore  a  strikingly  defi- 
nite relationship  to  the  behavior  of  the  materials  in  the 
track  test. 

A  series  of  stability  tests  was  made  on  specimens  of 
the  material  from  each  track  section  molded  at  moisture 
contents  ranging  from  well  below  that  necessary  to 
produce  maximum  density  to  as  high  a  content  as  the 
soil  would  retain  during  molding.  The  specimens  in 
series  1  were  tested  for  density  immediately  after 
molding.  They  were  then  tested  for  stability  and  imme- 
diately weighed  and  oven-dried  to  determine  their  exact 
moisture  contents.  The  results  of  these  tests  are  shown 
in  table  9  and  figure  10. 

Table  10  and  figure  11  show  the  results  of  similar 
tests  on  the  materials  in  series  2,  the  only  difference 
being  that,  for  series  2,  the  density  and  stability  values 
were  obtained  from  separate  sets  of  specimens  prepared 
and  tested  on  different  days.  No  special  attempt  was 
made  to  use  identical  moisture  contents  in  these  two 
sets  of  specimens. 

As  shown  in  figures  10  and  11,  the  satisfactory 
materials  (sections  1,  2,  and  3  of  series  1  and  sections 
3,  5,  and  6  of  series  2)  exhibited  relatively  small  changes 
in  Hubbard-Field  stability  within  the  range  of  moisture 
contents  where  stability  was  decreasing  while  density 
was  increasing,  whereas,  the  unsatisfactory  materials 
(sections  4  and  5  of  series  1  and  sections  1,  2,  and  4  of 
series  2)  showed  relatively  large  changes  within  the 
same  range.  All  except  material  1  of  series  1  lost 
stability  very  rapidly  after  the  maximum  density  was 


Table  9. — Relation  of  density  and  stability  to  water  content  in 
molded  specimens  of  series  1  ! 


Plas- 

Water 

Composition  by  volume 

Hub- 
bard- 

Section  number 

ticity 
index 

based 
on  dry 

Aggre- 
gate 
solids 

Aggre- 
gate 
voids 

Air 

Field 
stabil- 

weight 

voids 

ity 

Percent 

Percent 

Percent 

Percent 

Pounds 

I        1-4 

1,460 

1.8 

1,650 

3.4 
4.3 

1,420 

74.3 

25.7 

17.1 

1,420 

1 

0 

6.4 

74.7 

25.3 

14.6 

1,480 

5.5 
6.2 

74.9 

25.1 

12.6 

1,570 

7.1 

74.7 

25.3 

11.1 

1,440 

8.2 

75.2 

24.8 

8.2 

1,360 

,        9.4 

75.3 

24.7 

5.7 

1,490 

4.1 

78.8 

21.2 

12.5 

3,760 

4.7 

79.4 

20.6 

10.6 

3,650 

2__ 

5 

5.2 

79.8 

20.2 

9.1 

3.640 

7.3 

81.3 

18.7 

2.8 

3,360 

7.6 

81.4 

18.6 

2.0 

3,025 

9.6 

78.4 

21.6 

1.4 

980 

4.6 

79.4 

20.6 

10.8 

3,790 

6.0 

80.9 

19.1 

6.1 

3.630 

3 

9 

7.1 

81.4 

18.6 

3.1 

3,510 

7.  3 

81.4 

18.6 

2.7 

3,390 

8.2 

80.9 

19.1 

1.3 

2,250 

9.4 

79.0 

21.0 

1.1 

1,160 

3.9 

79.6 

20.4 

12.1 

4,630 

4.7 

81.3 

18.7 

8.5 

4,310 

1             

13 

6.0 

82.3 

17.7 

4.5 

3,330 
2,790 

6.8 

82.4 

17.6 

8.0 

81.3 

18.7 

1.3 

1,760 

8.7 

80.0 

20.0 

1.3 

1,310 

I        4.2 

79.9 

20.1 

11.1 

4,520 

4.5 

80.7 

19.3 

9.6 

4,340 

6.1 

81.6 

18.4 

5.1 

3,060 

5 

18 

7.2 
7.6 

82.2 
82.2 

17.8 
17.8 

2.0 
1.1 

2,180 

1,770 

8.4 

80.9 

19.1 

.9 

1,350 

I      10.6 

76.6 

23.4 

1.7 

580 

■  All  specimens  were  molded  at  the  water  contents  shown  and  tested  immediately, 
using  the  Hubbard-Field  apparatus  for  molding  and  testing. 
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Figure  10. — Relation  of  Density  and  Stability  to  Moisture  Content,  Series  1.     Curves  Plotted  From  Data  in  Tables 

8  and  9. 


Table   10. — Relation  of  density  and  stability  to  water  content  in 
molded  specimens  of  series  2  ' 


Plastic- 
ity 
index 

Water 
content 

l>;i   I'd 

on  dry 
weight 

Composition  by 

volume 

Hub- 
bard- 

Section  number 

Aggre- 
gate 
solids 

Aggre- 
gate 
voids 

Air 
voids 

Field 
stabil- 
ity 

4 

4 

5 

6 

Percent 
1       0.5 
2.6 
3.0 
5.1 
6.2 
6.8 
8.1 
8.4 
8.7 
9.0 
9.1 
/          .6 
2.8 
4.2 
5.8 
6.3 
7.0 
7.9 
8.0 
8.8 
I      10.0 
I         -6 
3.2 
5.1 
6.3 
7.4 
8.3 
8.6 
9.0 
9.5 
\        9.9 
1        l.fi 
2.9 
4.9 
5.8 
6.5 
7.2 
7.5 
8.1 
8.5 
8.7 
9.3 

Percent 

Percent 

Percent 

Pounds 
1,550 

74.2 

25.8 

20.7 

2,620 

75.3 

24.7 

14.5 

3,300 

1 .  .. 

76.8 

23.2 

9.3 

3,600 

77.8 

22.2 

4.8 

3,010 

78.3 
78.4 

21.7 
21.6 

2.9 
2.6 

2,310 

1,730 

75.8 
76.3 
76.8 

24.2 
23.7 
23.2 

18.5 
15.1 
11.3 

2,900 

2,990 

2,880 

78.6 

21.4 

4.6 

2,270 
1,170 

79.0 

21.0 

.0 

1,780 

74.5 
76.2 
76.7 

25.5 
23.8 
23.3 

19.1 
13.4 
10.4 

2,200 
2,230 

78.2 

21.8 

4.4 

2,170 

79.0 
79.1 

21.0 
20.9 

2.0 
.8 

2,000 

1,600 

2,000 

74.8 
75.6 

25.2 

24.4 

19.4 
14.5 

3,070 

77.4 

22.6 

9.2 

4 

3,  530 

3,380 

79.3 
79.5 

20.7 
20.5 

3.5 
2.5 

2,990 

1,790 

830 

Table   10. — Relation  of  density  and  stability  to  water  content  in 
molded  specimens  of  series  2 — Continued 


Plastic- 
ity 
index 

Water 
content 
based 
on  dry 

weight 

Composition  by 

volume 

Hub- 
bard- 

Section  number 

Aggre- 
gate 
solids 

Aggre- 
gate 
voids 

Air 

void:-. 

Field 
stabil- 
ity 

6 
4 

Percent 

I        1.6 
2.9 
4.5 
6.1 
7.9 

{         8.0 
8.2 
8.9 
9.0 
9.2 
10.5 

1          -5 
2.4 
3.3 
4.0 
5.0 

{         6.0 
6.4 
7.5 
8.0 
8.4 
8.8 

Peru  hi 

Percent 

Percent 

Pounds 
1,240 

74.4 
75.0 
75.4 

25.6 
25. 0 
24.6 

19.8 
16.0 
12.3 

1,700 

1,910 
1,860 

1,900 

77.6 
78.5 
78.8 

22.4 
21.5 
21.2 

5.4 
2.8 
2.2 

1,690 

920 

1,280 

76.6 

23.  1 

18.5 

2,410 

2.  570 

77.4 

22.6 

14.3 

2,  800 

6 

78.2 

21.8 

9.3 

2,  760 

2,710 

2,  520 

80.2 
80.5 
80.0 

19.8 
19.5 
20.0 

2.7 
1.4 
1.2 

2,120 
1,990 

1  Specimens  for  density  and  those  for  stability  were  made  and  tested  at  different 
times.  The  water  contents  shown  were  determined  immediately  alter  testing.  Nn 
particular  effort  was  made  to  have  identical  water  contents  in  t  he  density  and  stability 
specimens. 

passed.  The  highest  stabilities  shown  in  figure  10  for 
series  1  represent  only  the  maxima  for  the  data  ob- 
tained and  are  not  necessarily  the  maxima  that  might 
have  been  obtained  by  including  tcsls  on  still  drier 
mixtures.  It  is  obvious,  however,  that  extension  of 
these  curves  to  the  left  through  maximum  obtainable 
stability  would  only  serve  to  accentuate  the  difference 
between  the  good  and  bad  materials. 
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Figure  11. — Relation  of  Density  and  Stability  to  Moisture  Content,  Series  2.     Curves  Plotted  From  Data  in  Tables 

8  and  10. 


It  is  important  to  keep  in  mind  that  the  changes  in 
density  and  stability  occurred  because  of  changes  in 
water  content  and  that,  in  the  range  between  maximum 
or  essentially  maximum  stability  and  maximum  density, 
without  exception  the  stability  was  falling  while  the 
density  was  increasing.  Tests  to  be  described  later 
proved  that  when  the  moisture  content  was  held 
constant  and  density  was  increased  by  more  intensive 
compaction,  the  Hubbard-Field  stability  invariably 
increased.  Therefore,  the  losses  in  stability  that 
occurred  between  maximum  stability  and  maximum 
density  (figures  10  and  11)  were  caused  entirely  by  the 
increases  in  moisture  content  working  counter  to  the 
stabilizing  effect  of  increasing  density. 


The  maximum  stabilities  and  the  stabilities  at  maxi- 
mum density,  with  the  corresponding  water  contents 
and  the  mean  changes  in  stability  per  percent  of  mois- 
ture change,  are  shown  in  table  11.  These  rates  of 
change,  without  exception,  reflect  the  behavior  of  the 
materials  in  the  track  tests.  For  the  satisfactory 
materials,  the  rate  of  stability  change  was  low,  ranging 
from  the  negligible  amount  of  6  pounds  per  percent  of 
moisture  change  for  material  1  of  series  1  to  229  pounds 
for  material  3  of  series  1 .  The  unsatisfactory  materials 
exhibited  much  higher  rates  of  change,  the  lowest  for 
this  group  being  634  pounds  for  material  4  of  series  1, 
and  the  highest  being  1,800  pounds  for  material  1  of 
series  2. 
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Although  tests  on  additional  materials  of  known 
service  behavior  should  be  made  to  establish  more 
closely  the  dividing  rate  of  stability  change  between 
good  and  bad  materials,  the  described  method  of  test 
appears  to  be  fundamentally  sound  as  a  means  of  pre- 
dicting in  the  laboratory  the  probable  service  behavior 
of  fine-grained  base-course  or  subgrade  material  where 
moisture  conditions  may  be  unfavorable. 

INCREASED    CONSOLIDATION    PRODUCED    INCREASED    STABILITY 
FOR  A   GIVEN  WATER  CONTENT 

The  results  of  the  tests  indicating  the  relations 
between  Hubbard-Field  stability  and  degree  of  com- 
paction for  representative  soil  materials  at  constant 
water  content  are  shown  in  figure  12.  The  materials 
used  were  from  track  1,  but  the  curves  are  typical  of 
those  that  would  be  obtained  with  soils  in  general. 
Each  curve  in  this  figure  represents  a  series  of  tests  at  a 
selected  water  content  which  is  constant  for  that  series. 
Compaction  procedure  was  varied  in  each  series  to 
produce  a  range  of  densities,  and  a  corresponding  range 
of  stabilities  resulted.  On  all  four  curves,  points  1,  2, 
3,  and  4  represent  test  results  on  samples  that  were 
molded  without  pretamping  at  pressures  of  1,000,  2,000, 
3,000,  and  4,000  pounds  per  square  inch,  respectively. 
Points  5,  6,  7,  and  8  represent  data  on  samples  that 
were  pre  tamped  and  then  compressed  at  pressures  of 
3,000,  4,000,  5,000,  and  6,000  pounds  per  square  inch, 
respectively. 

The  specimens  containing  4  percent  of  water  showed 
progressive  gains  in  both  density  and  stability,  cor- 
responding to  greater  compaction,  throughout  the 
series.  Those  containing  S  percent  of  water  also 
showed  gains  in  density  and  stability  throughout  the 
series,  but  these  gains  were  much  smaller  for  the  load 
increments  between  points  5  and  8  than  for  the  lower 
loads,  indicating  that  the  maximum  possible  density 
was  being  approached.  In  the  series  having  10  percent 
of  water,  gains  were  observed  up  to  point  6,  although  the 
gain  in  density  between  points  5  and  6  was  so  small  as  to 
indicate  that  little  or  no  further  increases  could  be 
obtained  without  squeezing  out  some  of  the  water.  In 
fact  a  slight  amount  of  water  was  squeezed  out  of 
specimens  3,  4,  5,  and  6  during  molding,  reducing  their 
actual  water  contents  to  9.4,  9.4,  9.4,  and  9.3  percent, 
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Figure  12. — Relations  Between  Hubbard-Field  Stability 
and  Density  for  Sand-Clay   Mixtures. 

respectively.  With  a  water  content  of  9.3  percent  by 
weight  or  19.7  percent  by  volume  and  a  solid  mineral 
volume  content  of  79.1  percent,  only  1.2  percent  of  the 
compacted  volume  of  specimen  G  consisted  of  air-filled 
voids. 


Table  11. —  Change  in'  Hitbbard-Fieldlslabiliti/  accompanying  change  in  moisture  content  in  molded  specimens 

SERIES  1 


Hubbard-Field  stability 

Water  contenl 

Change  in 
stability 
for  a  1-per 

cent 

change  in 

water 

content 

Section 
number 

Maxi- 
mum 

At  maxi- 
mum 
density 

Differ- 
ence 

At  maxi- 
mum 
stabilil  y 

At  maxi- 
mum 
density 

Differ- 
ence 

Behavior  of  tesl  section  under  traffic 

1 

2 

3 . 

4  

Pounds 

i  1,  500 

3,760 

3,  790 

1,630 
4,520 

1 'nil  lldS 

i  1,450 
3,025 
3,  195 

2,  790 
1,975 

Pounds 

50 

735 

595 

1,840 
2,  .".4:, 

l'i  ra  nl 
1.6 
4.  1 
4.6 

3.  9 

4.2 

P<  n  i  nl 
9.  1 
7.  (1 
7.2 

6  8 

7.4 

Percent 
7.  s 
3  5 
2.  6 

2  9 

:;  2 

Pounds 
6 
210 
229 

634 

795  f 

Remained  in  excellent  condition  throughout  both  compaction  and  tesl  periods. 

Unstable  during  compaction  but  excellent  throughout  test  pel 

Fairly   stable   during   compaction.    Generally   satisfactory    throughout    test 

period. 
Unstable  during  compact  inn;  failed  under  lest  traffic. 

5 

Stable  during  compaction  but  failed  under  test  traffic. 

SERIES  2 


3,  6C0 

i  1,800 

1,800 

8.  1 

9.1 

1.0 

2,990 

i  450 

2,540 

7.0 

10.0 

3.0 

2,  230 

i  1,860 

380 

7.4 

9.  5 

2.1 

I  2,  100 

i.  130 

7.  2 

8.5 

1.3 

1,910 

i  1,750 

160 

6.  1 

9.0 

2  9 

2,  MO 

'  2, 'JO 

(10 

5.0 

8.4 

3.  4 

1,800 
847 
181 

1,  100 
55 
176 


Stable  during  compaction  but  failed  under  test  traffic. 

Do. 
Unstable  during  compaction  but  excellent  throughout  test  period. 
Stable  during  compaction  but  failed  under  test  traffic. 
Unstable  during  compaction  but  excellent  throughout  test  period. 
Unstable  during  compaction  but  generallj  satisfaetorj  during  tesl  period. 


i  Interpolated  from  stability  curves,  figures  10  and  1 1 
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Figure  13. — Geadings  of  Materials  in  Series  1  and  2.     Shaded  Areas  Indicate  Zone  Within  Which  All  the  Satisfactory 

Materials  Are  Included. 


Although,  without  exception,  increased  consolidation 
produced  increased  stability  for  a  given  water  content, 
indicating  the  importance  of  compaction,  figure  12 
shows  that  when  the  maximum  density  was  reached 
on  a  very  wet  mixture,  the  stability  was  still  far  lower 
than  that  of  a  fully  compacted  mixture  having  less 
water.  It  is  very  difficult  to  consolidate  dry  or  only 
slightly  damp  materials  to  their  maximum  density  by 
any  practical  field  method,  while  the  presence  of  an 
appreciable  amount  of  moisture  definitely  aids  consoli- 
dation. The  practical  solution  of  the  problem  of  con- 
solidation during  construction  has  been  found  to  consist 
of  adding  the  amount  of  water  that  tests  indicate  will 
produce  the  maximum  compaction  for  the  type  of 
equipment  employed.  Where  the  compaction  is  to  be 
obtained  gradually  as  by  the  action  of  traffic,  a  quantity 
of  water  somewhat  in  excess  of  the  Proctor  optimum 
moisture  content  is  desirable  since  under  the  combined 
drying  and  compacting  action  the  maximum  density 
is  attained. 

SUMMARY 

The  circular  track  tests  resulted  in  a  quite  definite 
classification  of  the  11  materials  studied  as  to  their 
ability  to  withstand  the  disruptive  action  of  traffic 
under  unfavorable  moisture  conditions.  Moisture  con- 
ditions as  severe  as  those  set  up  for  these  tests  are 
usually  avoided  in  good  highway  building  practice  by 
providing  surface  drainage  and,  where  needed,  subsoil 
drainage.  However,  many  instances  occur,  especially 
in  connection  with  partial  or  low-cost  improvement  of 
soil  roads  where  ideal  drainage  cannot  be  provided  but 
where  improvement  of  the  plastic  properties  and  grad- 
ing characteristics  of  the  soil  are  feasible. 


The  tests  indicated  that,  to  guard  against  unsatis- 
factory behavior  under  unfavorable  moisture  conditions, 
it  is  necessary  to  control  both  the  plastic  properties 
and  the  grading  of  the  soil.  The  importance  of 
thorough  compaction,  even  of  ideal  base-course  ma- 
terials, prior  to  the  application  of  a  surfacing  course 
cannot  be  over-emphasized. 

In  series  1,  where  the  plasticity  was  varied  by  vary- 
ing the  ratio  of  silt  to  red  clay,  the  gradings  were 
essentially  constant  for  the  five  materials  for  all  grain 
sizes  above  the  No.  200  sieve  but  varied  with  the 
plasticity  index  below  the  No.  200  sieve,  as  shown  at 
the  left  in  figure  13.  A  rather  wide  variation  was 
obtained  in  the  gradings  in  series  2  throughout  the 
range  of  particle  sizes  as  shown  at  the  right  in  figure 
13.  In  this  series  the  variation  in  plasticity  index  was 
held  to  a  minimum,  the  lowest  being  4  and  the  highest  6. 

The  failure  of  sections  4  and  5  of  series  1  was  caused 
primarily  by  their  susceptibility  to  softening  and 
becoming  plastic  when  wet,  which  is  a  distinguishing 
characteristic  of  materials  having  high  plasticity 
indexes.  Section  3,  having  a  plasticity  index  of  9,  was 
classified  as  a  border-line  material,  although  its  behavior 
considering  the  severity  of  the  test,  was  quite  good. 
The  other  two  materials,  having  plasticity  indexes  of  5 
and  0,  respectively,  gave  excellent  service. 

The  failure  of  sections  1,  2,  and  4  of  series  2  can  be 
attributed  to  no  other  factor  but  grading.  The 
shaded  areas  in  figure  13  were  drawn  to  include  the 
gradings  of  all  the  satisfactory  materials  and  are  par- 
tially bounded  by  the  grading  curves  of  the  two  border- 
line materials,  section  3  of  series  1,  and  section  6  of 

(Continued  on  page  189) 


REFLECTOR  BUTTONS  INSTALLED  ON 
MICHIGAN  HIGHWAY 

By  MURRAY  D.  VAN  WAGONER,  State  Highway  Commissioner,  Michigan  State  Highway  Department 

HIGHWAY  engineers  have  long  sought  means  of 
eliminating  or  counteracting  the  effec  t  of  dark- 
ness in  augmenting  ordinary  traffic  hazards.  The 
recent  installation  of  special  highway  markers  on  1 
Highway  No.  16  between  Lansing  and  Detroit.  Mich., 
was  made  in  an  effort  to  counterbalance  certain  of  the 
handicaps  which  darkness  imposes  on  the  safe  use  of 
the  highway. 

That  darkness  is  a  prime  factor  in  causing  highway 
accidents  has  long  been  recognized.  Studies  of  traffic 
v  olumes  and  accident  occurrence  on  Michigan  highways 
have  shown  that  there  is  close  correlation  between  the 
two.  However,  when  nighttime  accident  and  traffic 
figures  were  isolated  and  examined,  additional  facts 
were  revealed.  Sixty  percent  of  all  fatalities  on  trunk- 
line  highways  were  found  to  occur  during  the  hours  of 
darkness  when  these  highways  carried  only  20  to  30 
percent  of  their  total  24-hour  traffic. 

The  reasons  for  this  divergence  are  not  hard  to  find, 
though  they  are  somewhat  difficult  to  define.  In  both 
daylight  and  darkness  the  motorist  has  very  similar 
problems  of  physical  arrangement  and  movement  to 
contend  with.  Although  the  number  of  vehicles  with 
winch  he  must  share  the  roadway  decreases,  the  di- 
mensions, alinement,  and  surroundings  of  the  roadway 
itself  do  not  change  when  daylight  fades.  The  motor- 
ist's perception  of  the  roadway,  however,  is  radically 
limited  and  sometimes  distorted  at  night. 

In  the  daytime  the  normal  driver's  vision  extends 
far  ahead  and  to  a  considerable  distance  on  either  side 
of  the  road.  Some  time  before  he  traverses  a  section 
of  road  the  driver  can  clearly  see  inherent  hazards  such 
as  those  involved  in:  (1)  Traffic  and  pedestrians  on  the 
road;  (2)  road  alinement  and  grades;  (3)  width  and 
condition  of  road  surface  and  shoulders;  (4)  roadside 
developments  as  they  divert  attention  or  obscure  vision 
of  the  road  ahead;  and  (5)  roads  and  driveways,  from 
which  traffic  can  enter,  cross,  or  leave  the  highway. 

Although  exposure  to  accidents  is  greater  during  the 
daytime  concentrations  of  traffic,  the  driver  can  per- 
ceive the  number,  kind,  speed,  and  direction  of  all 
vehicles  well  in  advance  of  passing  them.  By  being 
forewarned  of  these  elements  of  Ids  constantly  changing 
driving  problem,  because  the  elements  are  all  clearly 
and  coincidentally  visible,  he  ordinarily  will  have  plenty 
of  time  to  act  properly  to  prevent  serious  mishaps. 

Darkness  blanks  out  practically  all  of  these  elements 
from  the  driver's  sight,  but  not  from  his  memory.  His 
view  of  the  road  is  limited  to  the  short  section  ahead 
illuminated  by  his  headlights.  The  rest  of  the  picture 
is  made  up  of  what  he  knows  about  roads  in  general 
and  what  he  can  mentally  visualize  of  the  highway 
ahead  through  his  interpretation  of  the  lights  of  other 
cars,  the  dim  outlines  of  surrounding  objects,  and 
glimpses  of  signs,  signals,  and  lane  markings. 

At  night  the  driver  attempts  to  discern  the  location 
of  the  road  beyond  the  range  of  his  headlights  by 
watching  telephone  lines,  fences,  and  lights  in  houses, 
but  he  is  conscious  of  the  vagueness  of  his  perceptions, 
particularly  those  involving  perspective.     As  a  result 


Figure  1. — A  Reflector  Unit  as  Installed  on  U  S  16  Be- 
tween' Lansing  and  Detroit,   Michigan. 

he  often  becomes  tense  mid  over-wary,  and  constantly 
strives  to  rid  himself  of  the  feeling  that  he  is  driving 
into  a  darkened  tunnel  or  that  the  road  ends  or  turns 
abruptly  just  beyond  his  range  of  sight.  When  facing 
the  glare  of  approaching  headlights,  he  becomes  un- 
certain of  his  car's  position  on  the  roadway  and  instinc- 
tively draws  away  from  the  pavement's  right  edge, 
often  to  the  extent  of  encroaching  on  the  lane  of  op- 
posing traffic. 

The  obvious  way  to  eliminate  the  dangers  that  dark- 
ness adds  to  highway  hazards  is  to  duplicate,  as  far  as 
practicable,  daytime  visibility  through  the  use  of  arti- 
ficial light.  Attempts  to  solve  this  problem  with  lights 
on  the  car  itself  have  thus  far  proven  btit  partially 
successful.  Floodlight  illumination  of  the  highway  is 
entirely  feasible  from  an  engineering  angle,  and  such 
installations  have  been  made  on  a  few  heavily  traveled 
highways  and  bridges.     However,  the  costs  of  construct- 
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Figure  2. — Reflectors  Along  the  Highway  Illuminated  by  the  Headlights  of  Automobiles  at  Dusk. 


ing  and  operating  highway  lighting  installations  have 
been  so  great  as  to  prevent  the  lighting  of  any  consid- 
erable mileage  of  highways. 

The  dangers  of  night  driving  have,  in  the  past,  been 
somewhat  mitigated  by  the  erection  of  signs,  the  letters 
of  which  are  traced  by  reflector  buttons,  to  warn  the 
driver  of  hazards  such  as  narrow  bridges,  sharp  curves, 
etc.  The  use  of  such  buttons  to  make  warning  signs 
visible  at  night  has  been  standard  practice  in  Michigan 
and  other  States  for  many  years. 

Recognition  of  the  fact  that  something  more  than 
the  warning  of  specific  dangers  was  needed  to  protect 
night  traffic  led  to  the  erection  of  special  markers  to 
outline  the  highway.  These  markers  represent  the 
nearest  approach  to  highway  illumination  without  the 
use  of  expensive  direct  lighting  that  has  yet  been 
attained.  Although  the  markers  give  somewhat  the 
impression  of  lights  spaced  at  regular  intervals  along 
the  road,  they  do  not  illuminate  the  road  surface  to  any 
important  extent.  Their  principal  function  is  to  deline- 
ate the  highway  clearly  for  a  distance  ahead  of  the  car 
considerably  greater  than  that  illuminated  by  the  head- 
lights. 

Each  marker  consists  of  3  reflector  disks  set  in  a 
vertical  line  in  a  metal  holder  mounted  on  a  metal  post. 
(See  fig.  1.)  The  disks  are  1  \.  inches  in  diameter, 
and  are  spaced  1%  inches  between  centers  in  the  holder. 
The  disks,  molded  from  a  crystal-clear  synthetic  resin 
that  is  nonshatterable,  are  lenses  with  many  facets 
each  having  high  reflecting  properties. 

( Considerable  study  was  given  to  the  proper  arrange- 
ment of  the  markers  to  obtain  the  greatest  safe-driving 
benefits  for  motorists.  It  was  found  that  the  proper 
mounting  height  was  3  feet  above  the  road  surface. 
Uniformity  in  longitudinal  spacing  and  offset  distance 
from  the  pavement  edge  were  essential  for  accurate 
delineation  of  the  roadway.  Consequently,  the  units 
were  spaced  at  intervals  of  100  feet,  and'  were  offset 
8  feet  from  the  pavement  edge  in  rural  areas  and  4  feet 
in  urban  areas  where  the  road  surface  was  bordered  bv 


a  curb.  On  rural  sections  having  extra -wide  shoulders, 
the  offset  distance  was  increased  to  10  feet. 

At  places  where,  by  using  this  regular  spacing,  units 
would  have  been  placed  in  side  roads  or  driveways,  the 
unit  was  either  moved  not  more  than  10  feet  or  was 
omitted.  Units  were  omitted  at  places  where  they 
would  have  interfered  with  traffic  entering  or  leaving 
business  places  having  broad  entrance  driveways.  No 
contraction  of  the  offset  distance  was  permitted  because 
of  the  existence  of  any  hazard  on  the  road  shoulder 
between  the  pavement  and  the  line  of  markers. 

The  holders,  which  were  mounted  so  that  the  plane 
of  the  reflectors  was  at  an  angle  of  90°  with  the  center- 
line  of  the  road,  are  of  two  types:  Monodirectional  and 
bidirectional.  In  the  monodirectional  holder  the  3 
disks  are  backed  by  metal,  so  that  they  are  visible  from 
one  side  only.  They  were  used  on  sections  where  the 
opposing  lines  of  traffic  were  separated  by  a  central 
dividing  strip.  In  the  bidirectional  unit  each  disk  is 
backed  by  another  disk  visible  from  the  other  side. 
These  units  were  used  on  sections  carrying  2-way 
traffic. 

The  holders  are  stamped  from  12-gage  sheet  metal, 
and  are  coated  with  yellow  enamel.  They  can  be 
installed  on  the  posts  without  tools,  and  can  be  removed 
by  releasing  a  spring  lock  at  the  bottom.  The  posts 
consist  of  l%-  by  1%-  by  %4-inch  galvanized  standard 
angle  sections  6  feet  long. 

The  location  of  each  unit  was  marked  by  a  stake 
placed  by  a  survey  party.  Posts  were  driven  b}r  40- 
pound  pipe  slip  hammers  developed  especially  for  this 
work.  A  special  wrench  was  developed  for  holding 
the  posts  while  they  were  being  driven. 

Reflectors  were  installed  on  61.6  miles  of  the  high- 
way between  Lansing  and  Detroit,  Mich.  On  4.8 
miles  of  this  distance  the  roadways  for  the  opposing 
st  teams  of  traffic  were  separated  by  a  central  dividing 
strip,  and  two  lines  of  monodirectional  markers  were 
set  along  each  roadway  on  this  section. 

The  markers  were  installed  bv  the  Michigan  State 
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Highway  Department.  The  total  cost  of  the  work  was 
$23,000,  which  is  at  the  rate  of  $346.63  per  mile,  or 
$3.34  per  unit.  The  cost  of  the  labor  involved  in 
locating  and  installing  each  marker  was  $0.44. 

Because  of  rigid  adherence  to  the  specified  spacing 
and  offset  distance,  the  installation  provides  a  simple 
but  effective  aid  in  night  driving  (figs.  2  and  3).  As 
drivers  become  oriented  to  driving  by  the  markers  it 
is  expected  that  many  of  the  previous  hazards  to  night 
driving  will  be  eliminated. 

The  principal  benefits  derived  from  installing  the 
markers  are  enumerated  as  follows: 

1.  The  outline  of  the  roadway  is  clearly  visible  for  a 
considerable  distance  ahead,  often  as  much  as  a  mile 
where  alinement  and  grades  are  favorable. 

2.  The  presence  of  the  fight  points  along  both  sides 
of  the  roadway  helps  to  minimize  the  blinding  effect  of 
undimmed  headlights  on  approaching  vehicles.  It  is 
believed  that  the  installation  may  even  encourage  the 
practice  of  driving  with  dimmed  lights. 

3.  Hazards  that  are  present  between  the  vehicle  and 
the  markers  are  revealed  by  the  blanking  out  of  one 
or  more  markers.  Vehicles  parked  on  the  road  shoulder 
or  pavement,  as  well  as  moving  vehicles  without  rear 
lights,  and  even  pedestrians,  are  detected  in  this  manner. 

4.  Gaps  that  occur  because  markers  were  omitted  at 
road  intersections  and  entrances  to  business  places 
make  the  existence  of  these  potential  danger  spots 
conspicuous. 


(Continued  from  page  1S6) 

series  2.  Parts  of  the  grading  curves  for  all  five  defi- 
nitely unsatisfactory  materials  fall  outside  the  shaded 
area  on  the  left  or  fine  side.  The  plasticities  of  the 
materials  in  series  1  are  in  reality  related  to  grading 
because  the  material  that  causes  plasticity  is  distin- 
guished primarily  by  its  extreme  fineness  and,  as 
indicated  in  figure  13,  the  plasticities  of  these  five 
materials  are  functions  of  the  amount  of  very  fine 
aggregate  included  in  them. 

Unsatisfactory  or  doubtful  behavior  of  the  materials 
in  the  tests  is  thus  clearly  associated  with  a  swing  of  I  lie 
grading  curve  to  the  left  or  fine  side.  Apparently, 
such  a  swing  adversely  affects  the  stability  of  the 
material  whether  it  occurs  immediately  below  the  No. 
10  sieve  or  wholly  below  the  No.  200  sieve. 

The  data  indicate  that  satisfactory  control  of  sta- 
bility would  be  obtained  by  maintaining  limits  of  fine- 
ness essentially  as  shown  by  the  upper  border  of  the 
shaded  areas  in  figure  13.  The  setting  up  of  a  maxi- 
mum plasticity  index  requirement  of  6,  correspond ing 
to  the  highest  value  used  in  series  2  and  only  1  poinl 
higher  than  that  of  the  most  plastic  material  giving 
wholly  satisfactory  service  in  series  1,  also  appears  to  be 
a  necessary  safeguard  in  specifying  sand-clay  materials 
for  base-course  construction. 

Experience  and  tests  have  shown  that  poorly  graded 
materials  are  less  stable  than  well  graded  ones  and,  in 
order  to  insure  a  reasonable  gradation  from  coarse  to 
fine,  minimum  limits  for  each  size  fraction  are  believed 
to  be  essential. 

Both  laboratory  and  field  experience  with  bituminous 
surfacing  mixtures  and  soil-bound  bases  have  repeatedly 
demonstrated  that  when  the  aggregate  content  larger 
than  the  No.  10  sieve  does  not  exceed  about  35  percent, 
the  material  retains  essentially  the  characteristics  of 
the  mortar  or  fraction  finer  than  No.  10.     Although  the 


Figure  3. — Reflectors  Along  the  Highway  Illuminated  by 
the  Headlights  of  Automobiles  After  Dark. 

5.  Because  the  disks  show  as  points  of  light  that  are 
fixed  and  uniformly  spaced,  they  enable  the  driver  to 
obtain  a  much  more  accurate  sense  of  perspective  and 
judgment  of  distance  than  do  the  lights  of  other  cars. 

6.  A  final  advantage  of  strictly  adhering  to  a  uniform 
spacing,  offset,  and  mounting  height  in  this  installation, 
and  in  not  using  the  units  as  danger  markers,  is  that  a 
way  is  left  open  for  possible  future  development  along 
logical  lines.  The  present  installation  merely  outlines 
the  roadway  by  reflecting  white  light.  It  is  possible 
to  use  units  that  will  reflect  colored  light  to  indicate 
specific  details  of  the  roadway. 


tests  described  in  this  report  were  made  on  materials 
all  of  which  passed  the  No.  10  sieve,  the  results  are 
believed  applicable  to  materials  containing  some 
coarser  material  as  long  as  the  amount  of  such  material 
does  not  exceed  35  percent. 

The  results  of  this  investigation,  as  well  as  those  of 
a  later  one  on  coarse-graded  materials,  were  made 
available  to  the  Committee  on  Materials  of  the  Ameri- 
can Association  of  State  Highway  Officials  at  the  time 
it  was  considering  requirements  for  soil  and  gravel  base 
courses  and  were  made  the  basis  for  the  specification 
given  in  table  12. 

Table    12. — Recommended  specification  for   sand-clay   type   base 
course  materials 


\I  inimum 

Maximum 

68 

55 
35 
8 

100 

Percentage  »\  mate/ial  finer  thin  No    id  sieve  passing 

<M 

70 

Percentage  of  material  finer  than  No,  in  sieve  passin?  No 

2.i 
50 

25 

Plasticity  index  (material  finer  than  No    10  sieve)- 



6 

CONCLUSIONS 

The  results  of  the  tests  justify  the  following  conclu- 
sions: 

1.  Control  of  grading,  particularly  by  limiting  the 
amount  of  material  passing  the  No.  40  and  No.  200 
sieves,  is  essential  to  insure  satisfactory  stability. 

2.  Control  of  grading  in  the  sizes  smaller  than  the 
No.  200  sieve  is  aided  by  establishing  and  maintaining 
a  maximum  limit  for  the  plasticity  index. 

3.  The  tests  demonstrated  the  importance  of  the 
plasticity  index  as  a  quality  control.  They  also  indi- 
cated that  a  plasticity  index  very  much  in  excess  of  6 
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cannot  be  permitted  without  danger  of  impairing  the 
serviceability  of  the  materials  under  unfavorable 
moisture  conditions. 

4.  The  use  of  an  excessive  amount  of  fine  mineral 
dust,  even  though  it  may  be  relatively  free  of  colloidal 
particles  and  therefore  not  productive  of  high  plastic- 
ity, seems  to  retard  or  prevent  effective  compaction. 
This  was  evidenced  in  the  tests  of  series  2,  in  which  the 
materials  having  high  dust  contents  and  low  plasticity 
indexes  failed  to  compact  well  under  traffic  and  failed 
soon  after  the  water  was  introduced  in  the  traffic  test. 

5.  Thorough  compaction  is  essential  if  satisfactory 
stability  is  to  be  obtained,  particularly  with  base-course 
materials  having  plastic  properties.  Hubbard-Field 
stability  tests  on  specimens  having  the  same  moisture 
content  but  different  degrees  of  compaction  showed 
that  stability  increased  consistently  as  the  amount  of 
consolidation  increased.  Sections  1,  2,  and  4  of  series  2 
failed  to  consolidate  under  traffic  to  densities  compar- 
able to  their  maximum  practical  densities  as  determined 
by  vibratory  compaction  tests,  and  this  characteristic 
of  noncompactibility  is  believed  to  have  contributed 
largely  to  their  failure  in  the  service  test. 

6.  The  noncompactibility  of  the  unsatisfactory  sec- 
tions in  series  2  was  caused  by  their  high  dust  content 
and  is  quite  different  in  its  results  from  the  noncompact- 


ibility of  section  1,  series  1,  which  because  of  its  harsh- 
ness never  became  particularly  dense  but  showed  good 
serviceability. 

7.  Early  difficulties  encountered  in  compacting  soils 
having  acceptable  gradings  and  plasticity  indexes  need 
not  be  taken  as  an  indication  of  poor  quality  since  in 
these  tests  such  soils,  without  exception,  gave  satis- 
factory service  when  compaction  in  conjunction  with 
1 1  rving  was  continued  until  essentially  maximum 
practical  density  was  obtained. 

8.  Compaction  of  the  base  courses  having  plastic 
properties  should  be  completed  to  essentially  maximum 
practical  density  before  surfacing  courses  are  applied 
because  movements  in  the  base  course  that  are  common 
during  compaction  of  good  materials  will  cause  damage 
to  prematurely  constructed  surfacing  courses. 

9.  In  the  Hubbard-Field  stability  tests  increases  in 
moisture  content  were  invariably  accompanied  by  de- 
creases in  stability  except  at  the  very  low  water  con- 
tents where  the  materials  could  not  be  properly  com- 
pacted for  the  stability  test.  The  rate  of  stability 
change  per  percent  of  change  in  moisture  content,  over 
the  range  of  moisture  contents  where  stability  was 
falling  while  density  was  increasing,  appears  to  be 
higldy  significant  as  a  means  of  predicting  service  be- 
havior.    (See  figures  10  and  11,  and  table  11.) 


PUBLICATIONS  ON  BRIDGE  FLOOR  DESIGN  AVAILABLE 


Two  publications  that  present  solutions  to  problems 
of  bridge  floor  design  are  now  available.  The  solu- 
tions are  applicable  to  various  arrangements  of  slab 
and  rigid  or  flexible  supports  which  in  the  past  have 
been  susceptible  of  only  the  roughest  rule-of-thumb 
design. 

These  publications,  both  University  of  Illinois 
Bulletins,  are:  No.  303,  "Solutions  for  Certain  Rectan- 
gular Slabs  Continuous  Over  Flexible  Supports."  and 
No.  304.   "A  Distribution   Procedure  for  the  Analysis 


of  Slabs  Continuous  Over  Flexible  Beams."  The  bul- 
letins are  the  result  of  a  cooperative  investigation  by 
the  Engineering  Experiment  Station  of  the  University 
of  Illinois,  the  Lmited  States  Bureau  of  Public  Roads, 
and  the  Illinois  Division  of  Highways. 

The  Bureau  of  Public  Roads  has  a  limited  number 
of  these  bulletins  for  free  distribution.  Requests 
should  be  addressed  to  the  Bureau  of  Public  Roads, 
Department  of  Agriculture,  Washington,  D.  C. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report   of   the  Chief  of   the   Bureau   of  Public   Roads,    1931. 
10  cents. 

Report   of   the  Chief  of  the   Bureau   of   Public   Roads,    1933. 
5  cents. 

Report   of   the  Chief  of   the  Bureau  of   Public   Roads,    1934. 
10  cents. 

Report   of   the  Chief  of  the   Bureau   of   Public   Roads,    1935. 
5  cents. 

Report   of   the  Chief  of   the   Bureau   of   Public   Roads,    1936. 
10  cents. 

Report   of   the   Chief   of   the   Bureau   of   Public   Roads,    1937. 
10  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1    .    .    .    Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Part  2  .    .    .   Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.      10  cents. 

Part  3  .    .    .    Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Part  4  .    .    .   Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .    .    .   Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6  .    .    .    The  Accident-Prone  Driver.     10  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP    .    .   The  Results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 

No.  191  MP.    .    Roadside  Improvement.     10  cents. 

No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 

No.  279MP  .    .    Bibliography  on  Highway  Lighting.     5  cents. 

Highway  Accidents.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Federal   Legislation   and   Rules   and   Regulations    Relating   to 
Highway  Construction.     15  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.     15  cents. 

Highway  Bond  Calculations.     10  cents. 


DEPARTMENT  BULLETINS 

No.  1279D 

No.  I486D 
TECHNIO 


Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
Highway  Bridge  Location.     15  cents. 


No.  55T   .    .    .    Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical    Equipment    on    Movable    Bridges. 
35  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  Road  Work  on  Farm  Outlets  Needs  Skill  and 

Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a  Survey  of  Traffic  on   the  Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.— Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  PUBLIC  ROADS,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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PRINCIPLES  OF  SOIL  MECHANICS  INVOLVED 

IN  THE  DESIGN  OF  RETAINING  WALLS 

AND  BRIDGE  ABUTMENTS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 


Reported  by  L.  A.  PALMER,  Associate  Chemist 


IN  A  LARGE  NUMBER  of  earth  pressure  and  foundation  prob- 
lems the  stresses  found  by  the  method  based  on  elasticity  are 
independent  of  elastic  constants  and  are  classified  as  problems 
of  plane  strain  or  plane  deformation.  These  are  problems  in- 
volving two  dimensions,  and  in  their  solution  an  analysis  is  made 
of  the  stresses  in  a  vertical  cross  section  of  the  earth  embank- 
ment or  supporting  soil  under  a  foundation.  The  limitations  of 
the  analytical  method  based  on  the  assumption  of  the  conditions 
of  plane  strain  are  indicated  in  this  paper  in  the  case  of  the 
supporting  soil  under  abutments,  piers,  and  retaining  walls. 

The  principle  of  superimposition  of  different  systems  of  loading 
is  applied  to  problems  of  plane  strain  in  deriving  expressions  for 
the  greatest  shearing  stress  in  the  undersoil  below  a  symmetrical 
fill  and  a  bridge  abutment.  The  greatest  unit  shearing  stress 
anywhere  in  the  undersoil  below  a  fill  having  equal  side  slopes 
and  the  top  surface  parallel  to  the  subgrade  surface  is  approxi- 
mately 0.3/},  where  p  is  the  unit  pressure  of  fill  material  at  the 
subsoil  level  beneath  the  roadway.  If  0.3p  is  less  than  the  unit 
cohesion  c  of  the  undersoil,  the  latter  is  safe  insofar  as  ultimate 
failure  is  concerned.  However,  when  0.3p  exceeds  c  of  the 
undersoil,  it  does  not  follow  that  failure  is  inevitable.  In  such  a 
case  Prandtl's  formula  is  applied, 


5=(c  cot  4>-\-wb'  cot  a 


G 


+  sin  <j> 


-sm  4> 


tan    $ J 


where,  with  respect  to  the  undersoil, 

q  —  supporting  power, 
c=unit  cohesion, 
w)=unit  weight, 
0  =  angle  of  internal  friction, 
a  =  45°  —  4>I2,  and 

b'  =  Yi  the  horizontal  distance  between  the  midpoints  of  the 
slopes  of  the  symmetrical  fill. 

By  this  formula,  the  factor  of  safety  against  failure  of  the  sup- 
porting soil  is  the  ratio,  -  • 

The  maximum  shearing  stress  in  the  soil  below  the  base  of  an 
abutment  subjected  to  a  rotating  moment  producing  a  maximum 

vertical  pressure  po  at  the  toe  is  — •    If  —  is  less  than  the  cohesion 

IT  7T 

of  the  undersoil,  it  will  not  fail  under  this  stress.     However,  if  — 

exceeds  e,  it  is  necessary   to  determine  the  factor  of  safety  — 
J  '    Po 


against  failure,  obtaining  q  from  the  formula, 


where 


__  2c  uia     T 1 "1 

tan  a  sin2  a     2  tan  <*|_tan4  a        J 


rod 
tan4  a 


and 


where 


3  =  supporting  power, 
c  =  unit  cohesion, 
w  =  unit  weight, 
a  =  45° -0/2, 

d  =  depth  of  surcharge,  and 
a  =  width  of  the  base  of  the  abutment. 

The  active  and  passive  earth  pressures  and  the  earth  pressure 
at  rest,  in  the  earth  back  of  retaining  walls,  are  easily  deter- 
mined by  using  the  analytical  method  of  Coulomb  and  the 
graphical  method  of  Mohr.  The  conditions  of  plane  strain 
are  assumed  in  the  application  of  both  methods.  Assuming  a 
level  earth  surface  back  of  the  retaining  wall,  the  expressions 
for  the  three  earth  pressures  are 

ph  (active)  =p„  tan2  (45° -0/2) -2c  tan  (45° -0/2) 

Ph  (at  rest)  =  A'p„ 

ph  (passive)  =p„  tan2  (45° +0/2)  +  2c  tan  (45°  +  0/2) 

0  =  angle  of  internal  friction  of  embankment  material, 
c  =  unit  cohesion  of  embankment  material, 

K  =  coefficient  of  earth  pressure  at  rest,  of  the  embank- 
ment material, 

Ph  =  horizontal  pressure,  and 

pB  =  vertical  pressure. 

The  values,  c,  0,  and  K  are  determined  experimentally;  ph 
(active)  is  the  smallest  in  magnitude  of  the  earth  pressures; 
Ph  (passive)  is  the  largest;  and  the  earth  pressure  at  rest,  Ph 
(at  rest)  is  intermediate  in  value  between  these  two  extremes. 
If  the  earth  back  of  the  wall  moves  outward  when  the  wall  fails 
by  rotation  about  the  base,  the  pressure  is  active.  If  movement 
of  the  wall  is  exceedingly  small  or  zero,  the  pressure  against  it 
is  earth  pressure  at  rest.  If  the  soil  back  of  the  wall  is  cohesive 
and  of  a  nature  such  that  it  tends  to  expand  or  swell  on  wetting 
and  to  contract  on  drying,  then,  on  swelling,  the  pressure  exerted 
on  the  wall  is  passive  earth  pressure,  and  the  wall  should  be 
designed  to  withstand  passive  earth  pressure. 

If  the  earth  back  of  the  wall  is  cohesionless  material  such 
as  sand,  the  maximum  pressure  against  the  wall  is  earth  pressure 
at  rest.  The  value  of  A'  for  sand  has  been  reported  as  being 
within  the  limits  0.40  to  0.45. 


The  object  of  this  paper  and  that  of  a  former  one  l 
is  to  make  available  for  practicing  engineers  the  method 
based  on  elasticity  as  a  theoretical  and  practical  ap- 
proach to  the  study  of  earth  problems.  This  method 
is  particularly  applicable  to  a  large  number  of  problems 
falling  under  the  heading  of  plane  strain.  In  this  case 
the  stresses  found  by  the  method  based  on  elasticity 
are  independent  of  the  elastic  constants,  and  the 
difference  in  the  behavior  of  two  different  earth  ma- 
terials under  loads  which  are  equal  and  identical  in 
distribution  and  with  the  same  plane  strain  conditions 
is  entirely  a  matter  of  difference  in  the  relative  displace- 
ments of  the  two  stressed  materials. 


*■  i  The  Theory  of  Soil  Consolidation  and  Testing  of  Foundation  Soils,  by  L.  A. 
Palmer  and  E.  S.  Barber.  Public  Roads,  vol.  18,  No.  1,  March  1937. 

109475—38 


The  body  under  stress  is  assumed  to  be  very  long  in 
comparison  with  its  width,  the  length  being  in  the  Y 
direction.  In  this  class  of  problems  the  stresses  and 
strains  are  independent  of  one  of  the  three  rectangular 
coordinates,  the  Y  coordinate  in  this  paper.  Examples 
of  this  class  most  frequently  considered  in  textbooks  are 
stresses  in  thick-walled  tubes  under  internal  pressure 
and  stresses  produced  in  a  sheet  of  metal  during  rolling 
in  which  the  dimension  perpendicular  to  the  direction 
of  rolling  is  very  large.  Obviously,  neither  the  tube 
nor  the  sheet  are  of  "infinite  length,"  an  expression 
often  used  in  purely  mathematical  treatments  of  such 
problems.  In  foundation  problems,  a  foundation  wall, 
a  fill,  an  earth  dam,  a  long  retaining  wall,  or  a  bridge 
abutment  with  wing  walls  may  be  considered  as  exam- 
ples of  the  plane  strain  problem. 
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(I).  UNIFORM    POSITIVE  LOAD   DIAGRAM 


(3).  POSITIVE   LOAO   DIAGRAM 

Figure  1. — A  Uniform  Load  (1),  Superimposed  on  a  Nega- 
tive Load  Diagram  for  a  Cut  (2),  Yields  the  Positive 
Load  Diagram  for  a  Fill  (3). 

calculations  involve  superimposition  of  various  systems 
of  loading 

In  this  paper  formulas  will  be  derived  for  stresses  in 
the  supporting  earth  below  (a)  a  symmetrical  fill  and 
(b)  a  bridge  abutment  subjected  to  a  rotating  moment 
of  such  a  nature  that  a  trapezoidal  load  distribution  is 
transmitted  by  the  abutment.  Recourse  will  be  had  to 
well  known  methods  of  the  superimposition  of  loading 
systems  in  these  derivations.  Further  application  of 
the  principles  of  plane  strain  will  be  made  in  the  analy- 
sis of  the  three  types  of  earth  pressures  against  retaining 
walls:  (1)  Earth  pressure  at  rest;  (2)  active  earth  pres- 
sure; and  (3)  passive  earth  pressure.  The  method 
based  on  plastic  equilibrium  will  be  used  in  deriving  an 
expression  for  the  bearing  capacity  of  soil  supporting  a 
bridge  abutment  and  finally,  there  will  be  indicated  by 
direct  computations  the  extent  of  application  of  the 
methods  based  on  plane  strain  in  determining  earth 
stresses  below  loaded  rectangular  areas  of  different 
sizes.  These  are  topics  of  vital  interest  to  bridge  en- 
gineers and  a  continuation  of  the  analysis  much  bej^ond 
the  scope  of  this  paper  is  needed. 

Working  formulas  have  been  developed  by  S.  D. 
Carothers  2  for  several  different  systems  of  loading,  all 
of  which  pertain  to  foundation  problems  of  the  plane 
strain  class.  It  is  possible  to  derive  formulas  for  vari- 
ous additional  loading  systems  by  superimposing  two 
or  more  of  those  already  considered  by  Carothers. 
Two  examples  of  this  procedure  will  be  given: 

1.  A  uniform  load,  p,  is  superimposed  on  the  negative  load 
diagram  for  a  cut  so  as  to  yield  the  load  diagram  for  a  fill  (see 

1  Direct  Determination  of  Stresses,  by  S.  D.  Carothers,  Proceedings  of  the  Royal 
Society  of  London,  Series  A,  vol.  97,  p.  110  et  seq. 

Elastic  Equivalence  of  Statically  Equipollent  Loads,  by  S.  D.  Carothers,  Pro- 
ceedings of  the  Intel  national  Mathematical  Congress,  vol.  2,  Toronto  Universitv 
Press,  1924.  p.  527  et  seq. 

Test  Londson  Foundations  as  Affected  by  Scale  of  Tested  Area,  by  S.  D.  Carothers, 
Engineering,  London,  July  4,  1924,  p.  1  et  seq. 
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FOR  b  =<Z,  THE  LOAO  DIAGRAM  OBCD  BECOMES  OAB,  THEN/?,  = /?z  AN0^7  =  0 
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BY  TAKING  LOAD  DIAGRAM  0 AB  AS  NEGATIVE  AND  SUPERIMPOSING  ON  IT  A  UNIFORM 
LOAD  pn,  GREATER  THAN  D    THE  TRAPEZOIDAL  LOAD  DIAGRAM  OBCD,  ISOBTAINED 

lC 


+  X 
I       OAB    IS  NEGATIVE 
OACD    IS  POSITIVE 

0AC0  -OAB  =  OBCD  which 

IS  POSITIVE 

\(x,y,z) 

Figure  2. — Development  of  Diagram  Showing  Trapezoidal 
Load  Distribution  Over  a  Long  Strip. 

fig.  1).  The  loads  are  infinite  in  extent  in  both  the  X  and  Y 
directions,  the  Y  direction  being  perpendicular  to  the  plane  of 
the  figure. 

2.  By  first  taking  6  =  a  in  the  upper  diagram,  OBCD,  of 
figure  2,  there  is  obtained  a  system  of  triangular  loading,  OAB, 
over  a  long  strip  as  indicated.  If  this  triangular  load  is  then 
given  a  negative  sign,  and  there  is  then  superimposed  on  it  a 
strip  of  uniform  pressure,  p0,  as  shown  in  the  lower  diagram,  there 
results  a  trapezoidal  load  distribution,  OBCD,  over  a  long  strip. 

Example  1 — Derivation  of  formulas  for  stresses  beneath 
a  fill. — In  problems  of  plane  strain  it  is  usually  sufficient 
to  know  six  stresses:  The  normal  stresses,  px  and  pz, 
acting  in  the  directions  of  the  OX  and  OZ  axes,  respec- 
tively; the  principal  stresses,  px  and  p2,  acting  at  right 
angles  to  each  other  and  perpendicular  to  planes  of 
zero  shearing  stress ;  the  shearing  stress,  sX2,  correspond- 
ing to  the  normal  stresses,  px  and  pz;  and  the  maximum 
shearing  stress,  smax.  at  any  point,  equal  in  magnitude 
to  half  the  difference  of  the  two  principal  stresses  at 
that  point.  That  is,  at  any  point  (x,  y,  z)  in  the  stressed 
undersoil, 


.Pi— V* 


(1) 


where  2h  is  the  major  and  p2  the  minor  principal  stress. 
Since  displacements  in  the  undersoil  in  the  direction  of 
the  OY  axis  (perpendicular  to  the  XOZ  plane)  are  zero, 
it  is  usually  unnecessary  to  consider  the  normal  stress, 
py,  acting  in  this  direction.  It  is  necessary,  however, 
to  consider  the  magnitude  of  pv  at  the  terminal  of  a 
long  loaded  strip  or  fill  where  the  retaining  wall  or  abut- 
ment is  placed.    In  computing  P\,pi,  and  smax.>  p v  is  not 
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needed  in  problems  of  plane  strain.  In  texts  3  dealing 
with  the  theory  of  elasticity,  the  following  relations  are 
derived: 


/'i 


TV 


=Pj+Pj 
2 

Px  +  Pz 

2 
.V1—V2. 


+[(£v&y+(s")T-- (2) 
■[(^y+wj-..  (3) 


Hence,  if  at  any  point  (x,  y,  z)  of  the  undersoil,  the 
stresses,  px,  pz,  and  szz,  are  known,  values  for  pu  p2,  and 
Smax.  are  easily  derived. 

ISOSHEAR   LINES   DETERMINED   FOR    MATERIAL  BENEATH  A  FILL 

With  reference  to  the  load  diagram  for  a  cut  in  figure 
1,  the  vertical  pressure,  pz,  at  a  point  (x,  y,  z)  in  the 
undersoil  as  derived  by  Carothers  was  found  to  be 


pt  (for  cut)=^[ira  —  a(al  +  a2  +  a3) 
—  b(a1-\-a3)—x(a1  —  a3)] 


(5) 


Formula  (5)  as  written  is  for  compression.  If  p  is 
given  a  negative  sign,  then  pz  is  tension.  If  a  uniform 
compression,  p,  is  added  to  this  tension,  i.  e.,  if  the 
expression  on  the  right  of  formula  (5)  is  subtracted 
from  p,  there  results  the  formula  for  the  vertical  pres- 
sure, pz,  at  the  same  point  as  produced  by  the  load 
diagram  for  a  fill,  figure  3.    That  is, 


pz  (for  fill)  =p  —  ^-{Ka  —  a{al  +  a2+a3) 


or 


-6(ai  +  a3)—  x(ax  —  a3)] 


pz  (for  fill,  fig.  3)=-^-[a(ai  +  a2+as) 


ira 


+  b(alJra3)Jrx(al  —  a3)] 


(6) 


where  the  angles,  a,,  a2,  and  a3,  are  expressed  in  radians. 
Similarly,  by  taking  Carothers'  formulas  for  px  and 
sxz  for  the  cut  and  considering  px  and  sxz  as  produced 
by  the  uniform  compression  as  p  and  zero,  respectively, 
there  is  obtained 

px  (for fill)  =  ^H  a(a1-Jra2  +  a3)+b(a1  +  a3) 
7ra|_ 

+x(a1-a3)-20loge|^] (7) 


and 


Sxz=——{a1  —  a3). 

7TU. 


(8) 


By  substituting  the  values  for  pz,  px,  and  sxz,  as  given 
in  formulas  (6),  (7),  and  (8),  in  formulas  (2),  (3),  and 
(4),  expressions  for  the  stresses,  px,  p2,  and  smax.,  are 
obtained.     Thus 


7ra|_ 


^Hi+^-^T- 


(9) 


1  See,  for  example,  pp.  16  to  19,  inclusive,  of  Theory  of  Elasticity,  by  S.  Timoshenko. 
McGraw-Hill  Book  Co..  1934. 


Vz  =  —a  [a(ai  +  a2  +  a3)+6(a1  +  a3)+x(ai  —  a3)\ 
Pi=—     a(a1  +  a2  +  a3)+^(ai  +  a3)+x(a1  —  a3) 

zPf     \ 

ttq, 
pi  =  ^Aa(a1  +  a2i-a3)+b(al  +  a3)Jrx(al  —  a3) 

-2l^tl]+Sv/lo"'ll+(«'-«')i 

P2  =  ~,\  a(al  +  a2  +  a3)+b(al  +  a3)+x(a1  —  a3) 


■slog, 


R\R. 
R2R, 


2RiRi 
e  R«R3 


+  («!  — a3)2 


s""-=«Vlog,2tl+(a'"°')! 

Figure  3. — Load  Diagram  and  Computation  of  Stresses  in 
Earth  Below  a  Fill. 

Along  the  axis,  OZ,  RX=RA,  R2=R3,  and  ax=a3.  Hence 
formula  (9)  reduces  to 

W=i>og(fJ=|*log.f (10) 

For  a=b,  figure  3,  and  for  points  along  OZ,  it  is 

found  by  trial  that  the  greatest  value  of  smax.  is  at  the 

3 
point,  z=Kd,  where  smax.=0.31p  (or  0.3/>  approximately) 

Similarly,  by  taking  a =26,  the  greatest  value  of  smax. 
at  any  point  on  the  center  line,  OZ,  is  at  2=0. 96a, 
where  smax.=0.30p.  It  is  worthy  of  note  that  these 
relations  are  independent  of  the  height,  H,  of  the  fill. 

By  varying  the  height  and  the  slope,  and  keeping  r  the 

3 
same,  the  relation,  greatest  smax=0.3p  at  z=~a  for 

a=b  or  at  z=0.96a  for  a=2b,  is  not  changed,  although 
the  magnitude  of  p  and  therefore,  of  smax.,  increases  as 
H  is  increased.  Here  p=wH,  where  w  is  the  average 
unit  weight  of  fill  material. 

By  drawing  accurately  and  to  scale  the  load  diagram, 
the  radial  lines,  Ru  R2,  R3,  and  Rt,  the  vertical  and 
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Figure  4. — Isoshear  Lines  Under  Typical  Fill,  Where  a  =  b. 


horizontal  distances  z  and  x,  respectively,  and  the  sub- 
tended angles,  al}  a2,  and  a3,  the  numerical  values  of 
Smax.  may  be  computed  for  various  points  in  the  sup- 
porting soil.  All  points  of  the  same  smax.  may  be  con- 
nected by  a  smooth  curve,  and  a  series  of  such  curves 
or  isoshear  lines,  as  shown  in  figure  4,  may  be  drawn. 

It  has  been  shown4  that  if  the  greatest  value  of  smax-, 
namely  0.37;,  does  not  exceed  the  unit  cohesion  (of  the 
undersoil),  the  supporting  power  of  the  undersoil  is 
usually  ample,  and  that  if  0.3p  exceeds  the  unit  cohe- 
sion, a  further  analysis  of  the  supporting  power  of  the 
undersoil  should  be  made. 

If  O.Sp  exceeds  the  unit  cohesion  c  of  the  undersoil, 
it  does  not  follow  that  failure  of  the  supporting  earth 
is  inevitable,  but  it  is  necessary  in  such  a  case  to  deter- 
mine the  supporting  power  q  by  Prandtl's  formula,5 
which  is 

q=(c  cot  <t>+wb'  cot  a)ri+sin^  e,  tan  <A_1~| 
*  L.1-  sin  <£ 

where,  with  respect  to  the  supporting  soil, 

q= supporting  power, 
c=the  unit  cohesion, 


'Principles  of  Soil  Mechanics  Involved  in  Fill  Construction,  by  L.  A.  Palmer 
and  E.  S.  Barber,  Proceedings  of  the  Highway  Research  Board,  Annual  Meeting. 
1937. 

«  Prandtl's  formula  as  originally  derived  pertains  to  uniform  strip  loading.  The 
formula  is  adapted  to  the  case  of  trapezoidal  loading  (fill)  by  reconstruction  of  the 
load  diagram,  changing  the  trapezoid  (fig.  3)  to  a  rectangle  of  equal  area. 


<£=the  angle  of  internal  friction, 
w=unit  weight  of  undersoil, 

=7^+6  (see  figs.  3  and  4),  and 


2 
:45°- 


-</>/2. 


SAMPLE  CALCULATION  OF  SUPPORTING  POWER  GIVEN 

As  an  example,  suppose  that  q  is  to  be  determined 

for   the  supporting  soil   beneath   a   fill  in   which   the 

dimension  «  =  6  =  20  feet  and  which  has  a  height  of  20 

feet,  giving  a  value  for  p  =  2,000  pounds  per  square 

foot,  the  unit  weight  of  fill  material  being  100  pounds 

per  cubic  foot.     Suppose  that  the  values  c  and  <f>  for 

the  supporting  soil  are  200  pounds  per  square  foot  and 

5°,  respectively.     This  value  for  c  is  less  than  0.3  X 2,000 

=  600  pounds  per  square  foot.     The  value  of  a  is  45  — 

5° 

-^-=42.5°  and  cot  a=  1.091.    Assume  that  w  for  the 

undersoil  is  100  pounds  per  cubic  foot.  The  value 
cot  5°==  11.43,  sin  <£  =  0.087  and  tan  (£=0.0875.  Then 
by  substitution  in  Prandtl's  formula, 


g=(200X11.43  +  100X30X1.091)r]4 
=  3,150  pounds  per  square  foot. 


0.087 


jrX0.0875. 


0.087 


'] 


The  factor  of  safety  against  complete  failure  of  the 
supporting  soil  is 
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£^3,150 

p     2,000       -°- 

The  approximate  working  rule,  that  O.Zp  should  not 
exceed  the  unit  cohesion  c  of  the  supporting  soil,  does 
not  take  into  account  the  frictional  resistance  of  the 
undersoil  and  the  resistance  offered  by  the  weight  of 
displaced  undersoil  when  it  fails.  Prandtl's  formula 
takes  these  factors  into  account.  This  approximate 
rule  is  usually  well  on  the  side  of  safety  against  ultimate 
failure  if  <£  is  greater  than  10°  and  if  the  ground-water 
level  is  considerably  below  the  surface  of  the  supporting 
soil.  Buoyancy  produced  by  ground  water  diminishes 
the  value  of  w  in  Prandtl's  formula. 

Only  ultimate  failure  of  the  supporting  soil  is  con- 
sidered in  the  preceding  example.  It  is  entirely  possi- 
ble that  even  with  a  factor  of  safety  of  as  much  as  2 
against  ultimate  failure,  there  may  nevertheless  be  dis- 
placement of  the  undersoil  to  an  extent  such  that  the 
fill  settles  beyond  the  maximum  allowable  amount,  and 
in  this  event  it  would  be  necessary  to  have  a  much 
higher  factor  of  safety  than  2.  If  a  correlation  between 
displacements  of  large  soil  masses  on  the  one  hand  and 
deformations  in  laboratory  samples  on  the  other  were 
obtained,  it  should  be  possible  to  take  a  laboratory 
value  c'  (rather  than  the  ultimate  value  c)  corresponding 
to  the  maximum  allowable  deformation  in  the  support- 
ing soil  and  refer  the  factor  of  safety  to  this  value. 

Example  2 — Derivation  of  formulas  for  stresses  beneath 
a  trapezoidal  load  distribution. — With  reference  to  the 
upper  load  diagram,  OBCD,  figure  2,  Carothers  has 
derived  the  formulas  for  stresses  at  any  point  (x,  y,  z) 
of  the  undersoil.     For  pz  at  any  point  he  obtains: 


/'- 


■.P. 
ira 


[■ 


afi-\-xa- 


Rz2 


(x-b) 


]■ 


(n: 


If  b  =  a,  angle  /3=0,  R3=R2)  and  formula  (11)  reduces  to 


/': 


:-P 

iva 


I xa-~{x-a)\ (12) 


which  is  the  value  of  pz  at  any  point  (x,  y,  z)  in  the  un- 
dersoil beneath  a  triangular  load  (OAB,  center  diagram 
fig.  2)  extending  over  a  long  distance  in  the  Y  direction. 
If  p  is  now  given  a  negative  sign  in  formula  (12),  pz  be- 
comes negative  at  the  point.  If,  now,  a  strip  of  uni- 
form pressure,  pQ,  isjsuperimposed  on  the  negative  tri- 
angular load,  OAB  (see  lower  diagram  of  fig.  2),  it  is 
possible  to  derive  the  expression  for  pz  at  the  point 
(x,  y,  z)  as  produced  by  the  trapezoidal  load,  OBCD. 
Thus,  for  the  uniform  pressure,  p0,  over  the  strip  of 
width  a  and  represented  by  the  load  diagram  OACD, 
lower  diagram  of  figure  2, 


(13) 


v.=—  (aa-\-a  sin  a  cos  2/3) 


If  the  expression  on  the  right  of  formula  (12)  is  now 
subtracted  from  the  expression  on  the  right  of  formula 
(13),  there  results, 


vz=  —  (aa-\-a  sin  a  cos  2/3)—  — 
1       irax  ^'     ira 


xa—jjr2(x-a)\-.{U) 

which  is  the  expression  for  pz  at  any  point  (x,  y,  z)  in 
the  undersoil  resulting  from  the  trapezoidal  load, 
OBCD,  at  the  surface.  In  a  similar  manner  it  is  found 
that 


px=—(aa—a  sin  a  cos  2/3) 
1         7rcr  Ky 


-^x*+j^(x-a)+2z\oge^ (15) 

=&(a  sin  a  sin  2/3)+;^a-a~l     __(16) 


7T« 


7T« 


and 
Smax.=—  jl  p0a  sin  a  cos  2p+p-jp(x-a)+pz  logt-^2 

+  1 p0a  sin  a  sin  2@+p( za— a^-A  (17) 

By  substitution  of  various  values  for  a,  /3,  Ru  R2,  x,  and 
z  in  formula  (17),  it  is  found  that  the  greatest  value  of 
smax.  is  found  at  the  point  0,  figure  5,  and  that  this 

value  is  equal  to-^-5- where  pQ  is  the  maximum  applied 

pressure. 


i 

p. 

p--p„-p 

0 

-X 

\              +x 

V    J 

z 

> 

*- 

(x,y,z) 

I* 

Figure  5. — Trapezoidal  Load  Distribution  Diagram. 
Formulas  (14),  (15),  (16),  and  (17). 


See 


CONSIDERATION  GIVEN  TO  EARTH  PRESSURES  TENDING  TO 
PRODUCE  ROTATING  MOMENT 

A  trapezoidal  load  distribution,  as  illustrated  in 
figure  5,  results  whenever  a  rotating  moment  is  applied 
to  a  retaining  wall  or  abutment,  and  in  this  figure  the 
point,  O,  may  be  considered  as  at  the  toe.  There  is 
no  danger  of  failure  of  the  undersoil  if  the  cohesion  of 
the  supporting  soil  corresponding  to  the  maximum 
allowable  movement  of  the  wall  or  abutment  exceeds 

— •     If  the  cohesion  is  less  than  this  greatest  shearing 

stress,  it  does  not  follow  that  failure  of  the  undersoil 
will  result  although  a  plastic  region  at  the  toe  is  likely 
to  be  developed,  and  in  this  case  the  stress  relations 
as  given  by  formulas  (14),  (15),  (16),  and  (17)  no  longer 
apply.  The  whole  system  of  stress  distribution  is  then 
changed.  Prior  to  further  consideration  of  this  subject, 
it  is  necessary  to  consider  the  earth  pressures  tending 
to  produce  the  rotating  moment. 

There  are  two  principal  kinds  of  soil  deformation 
caused  by  load:  (1)  Volume  change;  and  (2)  distortion 
resulting  from  shear.  Volume  change  results  when  a 
compressible  soil  stratum  is  consolidated  by  causing 
water  to  escape  from  the  stratum  under  pressure  into 
one  or  more  permeable  strata  (drainage  courses) 
bounding  the  compressible  soil  layer.  On  the  other 
hand,  it  is  assumed  that  distortion  alone  produces  no 
volume  change  in  a  soil.     One  of  the  basic  principles 
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of  soil  mechanics  has  been  that  a  soil  maintained  at  a 
constant  moisture  content  is  incompressible.  This 
could  be  true,  of  course,  if  the  voids  are  completely 
filled  with  water  and  if  each  individual  soil  particle  is 
assumed  to  be  capable  of  a  change  in  shape  but  not  in 
volume,   in  which   case   the  value   of   Poisson's   ratio 

would  be  7>* 

The  magnitude  of  distortion  caused  by  shearing 
stresses  depends  on  the  magnitude  of  the  stresses  and 
the  shearing  resistance  of  the  soil.  It  may  proceed 
slowly  and  cause  a  slow  subsidence  of  the  supporting 
soil,  or  it  may  occur  very  quickly  as  in  a  landslide. 
The  relatively  slow  displacement  may  cause  failure  of 
the  structure  without  developing  a  surface  of  failure  or 
shear  in  the  supporting  soil.  The  allowable  deforma- 
tion depends  on  the  structure,  and  it  may  be  consider- 
ably less  than  the  magnitude  of  the  deformation  or  dis- 
tortion that  is  characteristic  of  the  yield  value  or  ulti- 
mate shearing  resistance  of  the  soil.  Laboratory  tests 
can  provide  the  design  engineer  with  a  complete  shear- 
ing stress-deformation  relationship  for  the  soil  in  ques- 
tion, and  this,  together  with  a  knowledge  of  the  earth 
stresses,  should  be  very  useful  information. 

At  ultimate  failure  the  shearing  stress  at  any  point 
on  the  surface  of  failure  is  equal  to  the  shearing  resist- 
ance of  the  soil  at  that  point,  and  Coulomb's  formula 
expressing  this  equality  is 


s=c-\-pn  tan  4>. 


(18) 


where  s  is  the  total  unit  shearing  resistance  and  c  the 
cohesion  per  unit  of  area.  Cohesion  may  be  only  a 
part  of  the  shearing  resistance.  If  friction  is  developed, 
the  other  part  is  pn  tan  <f>  where  <f>  is  the  angle  of  internal 
friction  (limiting  value  of  the  angle  of  obliquity)  and 
pn  is  the  pressure  normal  to  the  tangent  plane  through 
any  given  point  on  the  surface  of  shear.  Both  c  and 
<j)  are  limiting  values  in  this  formula,  that  is,  they  are 
values  which  obtain  at  the  instant  of  sudden  and  com- 
plete failure  of  the  earth  mass. 

If  the  shearing  stress  in  the  soil  mass  equals  half  the 
shearing  resistance,  s,  then  the  factor  of  safety  insofar 
as  the  soil  is  concerned  is  2.  However,  for  the  structure 
supported  by  this  soil  mass,  this  number  may  be  mean- 
ingless, c  and  4>  being  ultimate  values,  and  it  is  prefer- 
able to  take  values  of  c  and  <j>  that  correspond  to  the 
maximum  allowable  soil  deformation  for  the  particular 
structure.  In  formula  (18)  it  is  assumed  that  the 
normal  pressure  pn  is  transmitted  solely  from  grain  to 
grain  of  soil  and  that  no  part  of  pn  is  hydrostatic  pres- 
sure. The  conditions  that  exist  when  a  portion  of  pn  is 
carried  by  water  have  been  analyzed  by  Terzaghi.6 

MOHR'S    GRAPHICAL    METHOD    USEFUL   IN    PROBLEMS    OF   PLANE 

STRAIN 

For  any  material  in  which  <£  is  zero,  the  shearing 
strength  is  not  increased  by  pressure.  Thus,  a  cylindri- 
cal specimen  of  such  material,  subjected  to  a  load  in 
the  direction  of  its  axis,  would  have  theoretically  the 
same  shearing  strength  for  a  lateral  (hydraulic)  pres- 
sure of  zero  as  for  one  of  considerable  magnitude.  If  <j> 
is  not  zero,  the  shearing  strength  increases  with  increas- 
ing lateral  pressure,  ph.  In  a  cylinder  of  homogeneous 
material,  the  displacements  in  any  two  or  more  differ- 
ent vertical  planes  through  the  longitudinal  axis  are 

»  The  Shearing'Resistance  of  Saturated  Soils  and  the  Angle  between  the  Planes  of 
Shear,  by  Dr.  Charles  Terzaghi,  vol.  I,  pp.  54  to  56,  inclusive,  Proceedings  of  the 
International  Conference  on  Soil  Mechanics  and  Foundation  Engineering,  1936 


max. 


NORMAL  STRESS 


Figure  6. — Graphical  Analysis  of  Stresses  in  a  Compressed 
Cylinder,  Using  Mohr's  Circle  of  Stress. 

the  same.  Points  in  any  such  vertical  plane  remain 
in  that  plane  during  the  period  of  stress.  Hence,  the 
compressed  cylinder  is  treated  as  though  it  were 
another  case  of  plane  strain.  For  a  graphical  analysis 
of  the  stresses  in  such  a  system,  Mohr's  diagram  is 
very  useful.  The  graphical  method  is  illustrated  in 
its  simplest  form  in  figure  6,  and  the  following  procedure 
enables  one  to  compute  the  normal  stress,  p%,  and  the 
shearing  stress,  se,  for  any  plane,  0,  through  the  stressed 
cylinder,  pv  and  ph  being  the  only  applied  stresses. 
Procedure  for  computing  pe  and  s$. — 

1.  On  the  normal  stress  axis,  figure  6,  lay  off  to  scale 
the  distances,  OM  and  ON,  proportional  to  ph  and  p„, 
respectively. 

2.  Draw  a  circle  around  the  diameter,  MN. 

3.  The  normal  stresses,  pv  and  ph,  are  principal 
stresses.  There  are  no  shearing  stresses  on  the  planes 
(principal  planes)  to  which  these  stresses  are  perpen- 
dicular. The  maximum  ordinate  to  any  point  on  the 
circle  is  the  radius  of  the  circle.     The  diameter =MN= 


Pv—Ph,  and  the  radius  is 


Pv-P»_, 


4.  A  line  drawn  from  M  to  any  point,  D,  on  the 
circle  represents  a  plane  through  the  center  of  the 
cylinder,  inclined  at  an  angle,  8,  with  the  horizontal. 
There  are  an  infinite  number  of  planes  through  the 
center  of  the  cylinder  and  a  corresponding  infinite 
number  of  points  on  the  circle.  The  normal  stress  on 
the  plane,  6,  through  the  cylinder  is  the  horizontal 
distance,  RD,  in  the  stress  diagram, 

RD=OE=OM-\- MC+  CE=  OM+ MC+  CD  cos  20 


=ph+P-^»- 


Hence 


Pr 


_Pn±P1 


h[*i*] 


cos  2(9 


cos  20 (19) 
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For  0  =  0,  pe=pv  and  for  0  =  45°,  p0  =  OC=^^-     For 

6  =  90°,  pe=--ph. 

5.  The  shearing  stress,  se,  on  the  plane,    0,  is  the 
ordinate  value,  DE.     That  is, 


or 


For  0=45c 


s0  =  DE=CD  sin  20 
s„=[£^]sin20 (20) 

s»  is  a  maximum  and  equal  to  P"~'Ph.     For 


0=90°,  §0  =  0  and  for  0  =  0,  s9=0.  Hence  on  the  two 
mutually  perpendicular  planes,  6=0  and  0=90°,  there 
is  no  shearing  stress,  pv  being  perpendicular  to  6=0 
and  ph  to  0=90°. 

PLANE  WHERE  SHEARING  RESISTANCE  EQUALS  SHEARING  STRESS 
DETERMINED  GRAPHICALLY 

In  the  stressed  cylinder,  pv  is  the  same  on  all  hori- 
zontal planes  and  ph  is  the  same  on  all  vertical  planes. 
Hence  pe  and  s«  have  constant  values  on  one  and  the 
same  plane.  This  condition  does  not  exist  in  an  earth 
mass  where  the  principal  normal  stresses  vary  both  in 
direction  and  magnitude  from  one  point  to  another. 
Hence  in  an_  earth  mass  the  Mohr's  diagram  must  be 
considered  with  reference  to  stresses  all  in  the  immediate 
neighborhood  of  a  particular  point. 

The  graphical  procedure  above  described  is  with 
reference  to  stress  and  without  regard  to  the  resistance 
of  the  material  to  stress;  and  no  elastic  constants  are 
considered,  since  the  problem  is  one  of  plane  strain. 
If  the  angle,  <£,  characteristic  of  the  material,  is  not 
zero  and  if  a  cylinder  of  the  material  fails  in  shear  under 
a  compression,  pv,  and  a  lateral  pressure,  ph,  then  if  ph  is 
increased  to  ph' ',  the  compressive  strength,  pt,  will  be 
increased  correspondingly  to  a  value,  pv'.  This  con- 
dition may  be  represented  by  two  stress  circles  (see 
fig.  7),  the  first  having  a  diameter  equal  to  pv—ph  and 
the  second  a  diameter  equal  to  pv'—ph'.  In  both 
instances,  failure  occurs  theoretically  on  that  plane,  6, 
where  the  shearing  resistance  equals  the  shearing  stress 
according  to  formula  (18).  The  graphical  procedure  of 
determining  this  plane  is  as  follows  (see  fig.  7): 

1.  Describe  circles  around  the  diameters,  pv—ph  and 
Pv'—Ph-  The  distances,  OMand  OM', represent  ph  and 
ph',  respectively. 

2.  Draw  a  straight  line  tangent  to  both  circles. 
Draw  the  lines,  Ml7  and  M'T' ,  to  the  points  of  tangency. 
These  two  lines  represent  the  most  dangerous  planes 
and  are  called  the  planes  of  failure.  Both  are  inclined 
at  the  same  angle,  a,  with  the  horizontal. 

3.  The  tangent  line  called  "Mohr's  envelope"  is 
inclined  at  the  angle,  4>,  to  the  horizontal.  Its  equation 
is  formula  (18), 

s=cJrpu  tan  <j>, 

c  and  $  being  ultimate  values.  At  the  origin,  pn=0  and 
the  shearing  resistance  at  zero  normal  pressure  equals 
the  cohesion,  c.  The  intercept  of  the  envelope  line 
with  the  shearing  stress  axis  is  c  and  its  slope  is  tan  <£. 


From   geometry,    2a=90°+<£   or 


a=45°+|-     If 


the 


material  is  such  that  0=0,  the  most  dangerous  planes 
are  inclined  at  45°  to  the  horizontal. 

4.  The  shearing  stress  on  any  plane,  for  example  the 
plane,  M'D  on  the  larger  circle,  is  obtained  from  for- 


CONE  OF  RUPTURE 


oC=   45    +^ 

2 


THE  EQUATION  OF  M0HRS  ENVELOPE  IS    s  =  c  +  p   ton  f         2«r=90+^> 

6  <  =  Lb   +± 

2 

Figure  7. — Graphical  Analysis  for  Determining  Plane  of 
Failure. 

mula  (20).  On  the  plane,  M'D,  the  shearing  stress  is 
the  ordinate  ED,  and  the  shearing  resistance  on  this 
plane  is  EE=c+Pe  tan  <f>  where  p$  is  the  pressure 
normal  to  the  plane,  M'D.  The  shearing  resistance  is 
greater  than  the  shearing  stress  on  this  plane,  and  this 
condition  exists  on  all  planes  except  the  most  dangerous 
ones,  where,  according  to  Mohr's  theory,  the  shearing 
stress  equals  the  shearing  resistance.  On  the  plane, 
M'T',  the  shearing  resistance,  s,  is  equal  to  c-\-p'a  tan  <f>. 
In  accordance  with  this  theory,  failure  may  be  by 
fracture,  as  in  the  crushing  of  a  concrete  cylinder,  or  it 
may  be  evidenced  by  plastic  flow,  in  which  case  the 
dangerous  planes  are  planes  of  "slip"  or  flow.  When 
plastic  yield  occurs,  helical  slip  lines  (Luders  lines)  are 
often  visible  on  the  exterior  surface  of  the  cylinder. 
Visual  observations  of  Luders  lines  and  fractured  sur- 
faces in  stressed  cylinders  of  homogeneous  materials 
tend  generally  to  substantiate  Mohr's  theory,  which  is 
essentially  a  graphical  representation  of  Coulomb's 
law,  formula  (18). 

EARTH  PRESSURES  COMPUTED  WITH  THE  AID  OF  MOHR'S  THEORY 

It  has  been  previously  indicated  in  this  paper  that  in 
considering  the  supporting  power  of  soils  conservative 
values  for  cohesion  and  friction  (that  is,  values  less  than 
the  ultimate)  should  be  taken.  Thus  the  unit  cohesion 
of  the  undersoil  below  a  fill  should  not  be  exceeded  by 
the  greatest  shearing  stress,  the  unit  cohesion  in  this 
case  being  that  corresponding  to  the  maximum  allow- 
able deformation  and  therefore  less  than  the  ultimate 
value,  symbolized  by  the  letter,  c.  In  the  development 
of  Mohr's  theory  of  failure  and  Coulomb's  formula 
only  the  ultimate  values,  c  and  </>,  are  considered. 

There  are  instances,  however,  when  it  is  on  the  side 
of  safety  to  use  only  the  ultimate  values,  c  and  </>,  in 
computations.  An  example  is  the  computation  of 
passive  earth  pressure  against  an  abutment  or  retain- 
ing wall.     The  formula  for  the  passive  earth  pressure  is 
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Figure  S. — Schematic  Diagram  Showing  Earth  Mass,  Re- 
taining Wall,  and  Rupture  Planes. 

p  (passive)  =px  tan2  (45°+|")+2c  tan  (45°+|) 

where  p  (passive)  and  px  are  principal  stresses.  It  is 
not  safe  to  underestimate  the  magnitude  of  p  (passive), 
which,  as  seen  in  this  formula,  increases  as  c  and  <p  in- 
crease and  which  is  produced  by  the  expansion  of  soil 
back  of  a  retaining  wall.  This  formula  and  the  one  for 
active  earth  pressure  are  developed  by  the  following 
procedure. 

Consider  a  level  earth  mass  of  cohesive  and  homo- 
geneous soil  of  great  depth  and  extent.  It  is  assumed 
that  it  is  possible  to  cut  out  a  trench  of  given  depth  and 
of  great  length  in  the  soil  mass  without  any  disturbance 
of  the  remaining  earth.  It  is  next  supposed  that  a  rigid 
wall  with  bracing  is  erected  (still  without  disturbing  the 
soil)  along  the  entire  length  of  a  side  of  the  perpendicular 
embankment  (see  fig.  8).  The  unit  weight  of  earth  is 
taken  as  w  and  if  the  vertical  distance  from  the  surface 
to  a  small  element  of  earth  touching  the  wall  is  H' ,  then 
the  vertical  pressure,  pv,  on  the  element  equals  wH' , 
assuming  zero  friction  between  earth  and  wall.  To  this 
vertical  pressure  there  corresponds  a  horizontal  pres- 
sure, ph,  and  it  is  assumed  that  the  values,  £>c  and  ph, 
have  remained  unchanged  during  the  construction  of  the 
rigid  wall  and  bracing. 

If  the  wall  remains  unyielding,  the  ratio,  —>  is  known 

Pv 

as  the  coefficient  of  earth  pressure  at  rest.  In  figure  9, 
the  stresses  on  the  element  adjacent  to  the  wall  and  at 
a  depth,  H',  are  represented  by  circle  (1),  the  circle  for 
earth  pressure  at  rest.  It  is  assumed  that  the  stresses 
are  transmitted  solely  from  grain  to  grain  of  soil. 
Terzaghi  7  has  estimated  the  coefficient  of  earth  pressure 
at  rest  as  being  within  the  limits,  0.70  to  0.75,  in  cohesive 
soils  and  ranging  from  0.40  to  0.45  in  sands.  Various 
authors  have  expressed  doubt  as  to  the  constancy  of  this 
ratio  throughout  a  considerable  depth  of  homogeneous 
soil.  With  reference  to  figure  8,  where  for  the  unyield- 
ing wall  —=K,  a  constant,  the  total  pressure  against  a 

Pv 

vertical  strip  of  unit  width  of  the  wall  is  Ph—     nc 

where  H  is  the  height  of  the  wall.  If  K=0.70,  H= 
20  feet,  and  w=100  pounds  per  cubic  foot,  then 


KwH2     0.7X100X400 


=  14,000  pounds. 


SAMPLE  CALCULATIONS  OF  EARTH  PRESSURES  GIVEN 

Now  assume  that  the  wall  yields  and  moves  outward 
to  an  extent  such  that  the  soil  mass  back  of  it  fails  sud- 
denly in  shear.     The  weight  of  earth  and  therefore  the 

7  A  Fundamental  Fallacy  in  Earth  Pressure  Computations,  by  Charles  Terzaghi, 
publications  from  the  Graduate  School  of  Engineering,  Harvard  University,  1935-36, 
No.  182,  Soil  Mechanics  Series  No.  3. 
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Figure  9. — Diagrams  Showing  Active  and  Passive  Earth 
Pressures  and  Earth  Pressure  at  Rest. 

value  of  pv  at  any  point  along  the  wall  are  constant 
during  this  occurrence,  but  (fig.  9)  the  stress  circle  has 
grown  and  become  tangent  to  the  rupture  line  (Mohr's 
envelope).  This  has  occurred  by  reason  of  a  diminu- 
tion in  ph  and,  with  pv  constant,  the  diameter  of  the 
circle  has  increased  from  pv—pn  intermediate  to  pv—pn 
minimum,  and 


and 


ph  int.  =  earth  pressure  at  rest, 

p,,  min.  =  active  earth  pressure. 

Failure  occurs  along  the  surface  AM  (fig.  9),  inclined 

at  45°+^  to  the  horizontal  or  45°—^  to  the  vertical. 

On  the  other  hand,  assume  that  enough  lateral  pres- 
sure is  applied  against  the  wall  from  the  excavated  side 
to  cause  the  earth  to  shear  and  be  displaced  upward. 
The  lateral  pressure  required  to  efFect  this  displacement 
is  equal  to  the  passive  earth  pressure,  ph  max.  (see  fig. 
9).  The  magnitude  of  this  pressure  is  denoted  by  the 
distance,  OD,  and  failure  occurs  along  a  plane  inclined 

at  45°+£  to  the  vertical  (DD',  fig.  9). 

it 

The  stress  circles,  (2)  and  (3)  of  figure  9,  for  the  active 
and  passive  earth  pressures,  respectively,  are  redrawn 
in  figure  10.     It  is  then  seen  that  in  circle  (2), 


cos  <)>-- 


pv—ph  mm. 
O'M  2 


pv— ph  mm. 
2 


0'L~  O'B+BL 


r>,+^min.j  tan  ^ 


Then 


ph  min.  _  1— sin  <j>        2c  cos  <ft 
pv       ~l+sin<£     (l  +  sin</>)pt 


and  hence 


pAnnn.=;p,  tan2(450-|j-2ctan(45o-|Y--(21) 

With  reference  to  circle  (3),  figure  10,  it  is  evident 
that  the  relationship  of  pv  to  ph  max.  is  the  same  as  that 
of  ph  min.  to  p„,  that  is, 

p.=ph  max.  tan2  (<i5°-f)-2c  tan  (45°-|) 


or 


ph  max. 


2c 


tan2(45°-|)     tan  (45°-|) 
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(21    CIRCLE  FOR  ACTIVE  EARTH  PRESSURE 
(31  CIRCLE  FOR  PASSIVE  EARTH  PRESSURE 


Figure  10. — Diagrams  Showing  Active  and  Passive  Earth 
Pressures. 


and  hence 


p„  m&x.=pv  tan2  (45°  +  ^)  +  2c  tan  (45°  +  |V. .(22) 


Take  c  =  200  pounds  per  square  foot  and  0  =  20°  with 
reference  to  the  illustration,  figure  8,  then 

ph  min. =0.490  pv— 280  pounds  per  square  foot, 

and 

ph  max.  =  2.039  ^„+571  pounds  per  square  foot. 

For  w=100  pounds  and  H=20  feet,  the  average  p„ 
will  be  1,000  pounds  per  square  foot.  Then,  in  sum- 
mary, the  total  forces  exerted  against  the  wall  by  earth 
pressure  at  rest,  active  earth  pressure,  and  passive 
earth  pressure  are: 

Total  lateral  pressure  on  1-foot 
vertical  strip  of  wall 

For  earth  pressure  at  rest___   0.7 X  1,000X20=14,000  pounds. 

For  active  earth  pressure (490  — 280)  X  20  =  4, 200  pounds. 

For  passive  earth  pressure-  -    (2,039  +  571)  X  20  =  52,200  pounds. 

Terzaghi8  has  shown  that  passive  earth  pressure 
may  be  exerted  by  clay  soils  against  retaining  walls. 
Such  soils  tend  to  expand  and  shrink  noticeably, 
according  to  seasonal  climatic  variations.  Hence,  walls 
strong  enough  to  withstand  the  pressure  of  a  cohesion- 
less  backfill  are  gradually  and  intermittently  pushed 
out  of  plumb  by  the  swelling  of  a  cohesive  clay  soil, 
characterized  by  low  permeability  and  appreciable 
volume  changes  on  wetting  and  drying.  On  swelling, 
the  backfill  exerts  passive  earth  pressure  against  the 
wall. 

In  the  foregoing  discussion  and  with  reference  to 
figures  8  and  9,  the  wall  was  assumed  as  vertical  and 
parallel  in  direction  to  the  principal  plane  to  which  ph  is 
normal.  The  surface  of  the  backfill  being  level  with 
the  top  of  the  wall  and  the  friction  between  the  wall 
and  backfill  material  being  taken  as  zero,  there  is  no 
difficulty  in  locating  the  planes  of  failure  for  active  and 
passive  earth  pressures.  In  both  cases  the  resultant 
earth  pressure  (usually  designated  as  E)  is  located  at 
one-third  the  distance  upward  from  the  bottom  of  the 
cut,  assuming  that  p„  increases  directly  with  depth. 

SHEARING  PLANE  DETERMINED  BY  GRAPHICAL  METHODS 

For  the  more  general  case  the  surface  of  the  backfill 
is  not  level ;  there  is  a  certain  amount  of  friction  between 
the  backfill  material  and  the  wall ;  the  wall  is  not  parallel 
to  a  principal  plane;  and  the  force  exerted  against  the 
wall  is  not  horizontal.     The  analysis  of  the  general 

8  The  Mechanics  of  Shear  Failures  on  Clay  Slopes  and  the  Creep  of  Retaining 
Walls,  by  Charles  Terzaghi,  Public  Roads,  vol.  10,  No.  10,  December  1929. 
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Figure  11. — Force  Diagrams  for  Active  and  Passive  Earth 
Pressures. 

case  is  that  of  Coulomb  and  this  method  deals  with 
forces  rather  than  stresses.  One  basic  assumption  is 
that  the  surface  of  failure  is,  lor  all  practical  purposes, 
a  plane  (actually  it  is  more  nearly  an  arc  of  a  circle 
having  a  large  radius  of  curvature).  The  solution  is 
then  briefly  as  follows: 

In  figure  11,  let  6  be  the  angle  between  the  plane  of 
failure  and  the  horizontal,  and  W  the  weight  of  earth 
which  slides  when  the  earth  fails.  It  is  assumed  that 
the  magnitude  of  6  is  such  that  the  resultant  force,  E, 
against  the  wall  is  a  maximum  or,  that  if  E  is  some 

function  of  6,  then  -=-=0.     It  is  further  assumed  that 

4>',  the  angle  of  friction  between  the  wall  and  the 
earth,  is  less  than  <t>,  the  angle  of  internal  friction  of 
the  earth. 

Assume  for  the  present  (see  fig.  11)  that  the  positions 
of  the  failure  planes  and  the  angles  </>  and  <£'  are  known. 
In  the  upper  diagram  of  figure  11  for  active  earth 
pressure  the  earth  moves  downward  over  the  sliding 
plane,  whereas  in  the  lower  diagram  for  passive  earth 
pressure  movement  of  earth  is  upward  over  the  sliding 
plane.  The  tangential  forces,  both  along  the  wall  and 
sliding  plane,  are  therefore  opposite  in  direction  in  the 
two  cases.  Hence  the  resultant  force  E  against  the 
wall  acts  below  the  normal  to  the  wall  in  the  upper 
diagram  and  above  the  normal  to  the  wall  in  the  lower 
diagram  and  likewise  the  relative  positions  of  the 
resultant  force  Q  and  the  normal  force  N  on  the  plane 
of  failure  are  different  in  the  two  cases. 
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Figure  12.- — Force  Diagram  and  Equilibrium  Polygon  for 
Active  Earth  Pressure. 


Figure  J 13. — Diagram   Showing   Method   op   Locating   the 
Sliding  Plane  for  Active  Earth  Pressure. 

The  position  of  the  plane  of  failure  cannot,  however, 
be  assumed.  It  must  be  found.  For  active  earth 
pressure,  let  f  be  the  angle  between  the  direction  of  E 
and  the  vertical  (see  fig.  12).  From  the  equilibrium 
polygon  of  forces,  as  shown  in  this  figure, 


E_  PP  sin  (0-0) 
sin  (0— 0+^)' 


(23) 


and,  for  E  to  be  a  maximum, 

^-sin(0-0)  +  Wcos(0-0)  I 
—  T^sin  (0—0)  cos  (0— <f>+\p) 


de    u 

That  is, 
W[sin  (0—0 


isin2  (0-0+ iA) 


f)  cos  (0— 0)  —  sin  (0  —  0)  cos  (0—0+^)] 


'dWl 

de  _ 


sin  (0 — 0)  sin  (0—  0  +  \j/) . 


EQUILIBRIUM 
POLYGON 


Figure   14. — Diagram   Showing   Method   of   Locating  the 
Sliding  Plane  for  Passive  Earth  Pressure. 


Therefore 
W-- 


rdWl  sin  (0t-0)  sin  (0-0+yfr)  . 

1      de  Jei  sin  *  —  ^ 


where  0i  is  the  value  of  0  for  which  E  is  a  maximum. 

In  figure  13  the  line  OC—l  and  the  area  of  the  shaded 
triangle  is  approximately  „  l2de.  The  weight  of  earth 
in  the  shaded  triangle  is 


(dW)ei=^wl2(dO)n 


or 


[ 


dWl      1    72 

-delr2wl- 


(25) 


Draw  OD',  inclined  at  the  angle  0  with  the  horizontal, 
and  draw  CD  to  intersect  OD'  at  the  angle  \j/.  Drop 
the  perpendicular,  h,  from  C  to  OD'.     Then 

m_sin  [-tt— (0!  — 0  +'/')]_ sin  (0!  — 0+^) 


/ 


sin  \j/ 


sin  ip 


where  m=OD.     Furthermore,  — •    Lo        1  aQd  sub 


sin  90c 

in 


I 


stituting  this  value,  together  with  y  and  -^wl2  from  for- 
mula (25)  in  formula  (24),  there  is  obtained 


w=\wi2x\x^=^ 


(26) 


December  1938 


PUBLIC  ROADS 


203 


Hence  Wis  equal  to  the  area  CODXw  (fig.  13).  Ob- 
viously for  a  maximum  active  earth  pressure,  the  area 
OACD  (fig.  13)  must  be  divided  equally  so  that  the 
area  of  the  triangle  AOC=area  of  COD,  and  CD  may 
be  moved  parallel  to  itself  until  this  condition  obtains, 
and  triangle  (1)  is  equal  in  area  to  triangle  (2)  (fig.  13). 

For  determining  passive  pressures,  except  for  minor 
changes,  the  procedure  is  the  same  as  that  for  active 
pressures.  The  slight  differences  are  shown  in  figure 
14.  Here  the  line  OD'  is  drawn  below  the  horizontal 
rather  than  above  it,  the  angle  between  OD'  and  the 
horizontal  being  <f>  in  both  active  and  passive  pressure 
diagrams.     For  passive  earth  pressure  (see  fig.  14), 


E= 


IF  sin  (d+<t>) 


sin  (0+0  +  *) 


(27) 


dE 


Setting  -j7T  =  0  as  before  and  designating  the  value  of  6 


for  which  E  is  a  maximum  as  6U 

W=[  -  ^i'1  sin  (61  +  4>)  sin  fo  +  ^  +  fl 
L      dd  Jei  sin  *  s 


(28) 


and  except  for  the  sign  of  r/>,  formula  (28)  is  the  same 
as  (24),  which  is  for  active  earth  pressure.  By  moving 
the  line  CD  (which  makes  an  angle,  \p,  with  OD'), 
parallel  to  itself,  its  position  when  the  area  of  triangle 
OAC=  area  OCD,  meets  the  requirement  that  E  is  a 
maximum  and  therefore  that  OC  is  the  sliding  plane. 

MAXIMUM  EARTH  STRESSES  MUST  BE  PROVIDED  FOR  IN  DESIGN 

There  are  various  graphical  procedures  9  used  in 
computing  active  and  passive  earth  pressures  and  their 
distributions  against  retaining  walls.  The  procedures 
are  merely  simplified  forms  of  the  foregoing  combined 
analytical  and  graphical  procedures.  In  addition  to 
simplification,  it  is  on  the  side  of  safety  to  take  4>'  as 
zero.  The  pressure  distribution  against  the  wall  is 
triangular,  increasing  from  zero  at  the  top  to  a  maxi- 
mum at  the  base.  The  resultant  force  (total  pressure), 
E,  is  considered  as  applied  at  the  intersection  of  the 
medians  of  this  triangle,  and  this  is  one-third  of  the 
distance  upward  from  the  base  of  the  fill. 

Vertical  pressure  under  an  abutment. — Because  of  an 
overturning  moment 10  caused  by  any  of  the  three  earth 
pressures  (active,  passive,  or  earth  pressure  at  rest)  the 
vertical  pressure  distribution  under  an  abutment  is  in 
general  trapezoidal  (see  fig.  5),  the  greatest  pressure, 
p0,  being  directly  under  the  toe.  As  shown  previously 
in  this  paper,  if  the  cohesion  of  the  supporting  soil  ex- 
ceeds —  there  is  no  danger  of  failure  of  the  undersoil. 

On  the  other  hand,  if  the  cohesion  is  less  than  — >  failure 

7T 

of  the  undersoil  is  not  inevitable. 

One  may  go  farther  in  tins  case  and  apply  the  general 
method  of  Hogentogler  and  Terzaghi  n  in  investigating 
the  stability  of  the  supporting  soil.  The  analysis  is 
illustrated  in  figure  15.  In  computing  the  greatest 
shearing  stress  at  any  point  in  the  undersoil  and  also  in 


•  See  for  example.  Notes  on  Soil  Mechanics  and  Foundations,  by  Fred  L.  Plummer 
(Edwards  Brothers,  Inc.,  Ann  Arbor,  Mich.),  pp.  128  to  130,  inclusive.  See  also 
pi.  No.  17,  p.  20,  booklet,  Soil  Stabilization,  published  by  the  American  Road  Build- 
er's Ass'n,  1938. 

i°  For  methods  of  computing  the  overturning  and  resisting  moments,  see  pi.  No.  16 
p.  19,  booklet,  Soil  Stabilization,  published  by  the  American  Road  Builders'  Ass'n., 
1938. 

»  Interrelationship  of  Load,  Road  and  Subgrade,  by  C.  A.  Hogentogler  and  Charles 
Terzaghi,  Public  Roads,  vol.  10,  No.  3,  May  1929. 


%,  +/> 


Figure  15. — Diagram  Showing  Method  of  Computing  Sup- 
porting Power  of  Soil  Below  Bridge  Abutment. 

connection  with  any  computations  of  settlement  of  the 
abutment  (fig.  15)  resulting  from  slow  consolidation  of 
one  or  more  compressible  soil  strata  below  the  abut- 
ment, it  is  necessary  to  determine  the  load  diagram 
(such  as  AA'B'B,  upper  diagram  of  fig.  15)  and  use  it 
without  transformation.  However,  in  the  following 
investigation  of  the  possibility  of  the  development  of 
surface  failure  in  the  supporting  soil  (ACD,  fig.  15) 
it  is  on  the  side  of  safety  to  consider  the  load  transmitted 
by  the  wall  or  abutment  as  uniformly  distributed  along 
the  plane,  AB.  For  since  the  wedge,  ABC,  tends  to 
move  downward  along  the  plane,  AC,  and  push  out 
and  upward  the  wedge,  BCD,  along  the  plane,  CD, 
it  is  obvious  that  an  excess  of  pressure  at  B  over  that  at 
A  offers  resistance  to  the  forward  movement  of  the 
wedge,  ABC. 

FORCES  COMPUTED  FOR  CONDITIONS  OF  EQUILIBRIUM 

With  reference  to  figure  15,  the  average  pressure  along 
AB  is  ^  =g,  and  it  is  assumed  that  this  acts  uni- 
formly over  AB.  The  vertical  section  is  supposed  to 
be  of  unit  thickness  in  the  direction  perpendicular  to 
the  plane  of  the  paper.  Neglecting  fractional  resist- 
ance along  AB  and  the  shearing  resistance  of  the  sur- 
charge of  thickness,  d,  above  the  plane,  BD,  is  again  on 
the  side  of  safety  and  simplifies  the  problem.  Use  is 
now  made  of  the  principles  of  active  and  passive  earth 

pressures.  The  angle  a  =  45°—-  The  shearing  plane 
for  active  earth  pressure,  as  already  shown,  is  inclined 
at  an  angle  of  45°  —  -=  with  the  vertical,  and  the  shearing 

plane  for  passive  earth  pressure  is  inclined  at  45° +  2 

=  90°  —  a  to  the  vertical  (see  figs.  8  and  9).  Assume  that 
the  unit  weight,  w,  of  the  undersoil  is  constant  through- 
out the  region  indicated  in  figure  15.  Computations 
will  be  made  in  terms  of  forces  and  not  stresses. 

The  total  vertical  load  on  AB,  of  width  a,  is  equal  to 

Q=qa.     The  weight  of  the  wedge,  ABC,  is ~ 

or  weight= ~ =  W.     Then    the    total    vertical 

.           .  „  ~    .           .  wa2  cot  a 
force  actmg  on   the  wedge,   ABC,  is  aa-\ -r 
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This  downward  force  is  resisted  by  the  vertical  compo- 
nent of  the  cohesion  along  AC,  which  is  ca  cot  a  and  by 
the  vertical  component,  Rt  cos  a,  where  Ri  is  the  re- 
sultant of  the  normal  and  frictional  forces  on  AC. 
Then  for  a  condition  of  equilibrium, 


i?i  cos  a-\-ca  cot  a=aq- 


irn-  cot  a 


or 


Ri  cos  a=aq- 


war  cot  a 


■ca  cot  a. 


(29) 


Similarly  for  equilibrium  R^  sin  a  —  ca  =  H:  or 

Rx  sin  a=H:+ca (30) 

Dividing  equation  (30)  by  (29), 

Hx-\-ca 


Hence 


tan  a  = 


Hx- 


,  war  cot  a 
a^H „ ra  cot  a 


war 


■aq  tan  a— 2ca. 


(31) 


Now  consider  forces  acting  on  the  wedge,  BCD. 
The  weight  of  the  surcharge  on  the  plane,  BD,  is  wdX 
BD  or  wda  cot2a=<2i-     The  weight  of  the  wedge,  BCD, 

is-^BCXBD=~wa?  cot3a=IJV    The  total  downward 

force  is  then  Qi-\-Wi  and  this  together  with  the  vertical 
component  of  the  cohesive  resistance  along  CD  must 
equal  the  upward  component,  R2  sina  for  a  condition 
of  equilibrium  to  obtain.     That  is, 

„                wa2  cot3  a  .       ,        ,,  ,     . 

#2  sin  a= « Hma  cot-  a  +  ra  cot  a.    (32) 

Similarly, 

-R2  cos  a=H2—ca  cot2  a (33) 

Dividing  equation  (32)  by  (33)  and  solving  for  H2, 
wa2  cot4  a 


H2= 


2 


-wda  cot3  a-\-2ca  cot2  a (34) 


For  equilibrium,  H1  =  H2  and   from  equations    (31) 
and  (34),  therefore, 


wor 


,  —  9.t 


0  -+ag  tan  a— 

and  hence 

2c 


wa2  cot4  a 


-wrfa  cot3  a-\-2ca  cot2  a 


wo 


r  i 


tan  a  sin2  a     2  tan  a|_tan4  a  tan4  a" 


>/>/ 


-(35) 


where  g  is  the  bearing  capacity  or  supporting  power  of 
the  undersoil.  For  4>=0,  as  is  the  case  in  a  purely 
cohesive  soil,  q=4c-\-wd,  which  means  that  the  support- 
ing power  is  independent  of  a,  the  width  of  the  bearing 
area.  In  a  compression  test  of  an  unconfined  cylinder 
of  the  purely  cohesive  soil,  ph=0  and  pv=  compressive 

strength  =  2c,  since  c~     9      =  9       Hence  for  such  a 

soil  and  with  reference  to  figure  15,  the  supporting 
power,  q,  is  equal  to  twice  the  compressive  strength 


(as  determined  in  an  unconfined  cylinder  compression 
test)  plus  wd. 

If  the  supporting  soil  is  clay,  4>  is  small  and 


q=4c-\-wd. 


(36) 


is  a  safe  working  formula.  Therefore  if  the  supporting 
undersoil  is  clay,  the  design  engineer  is  first  of  all  con- 
cerned with  the  relative  magnitudes  of  the  cohesion 

and  — ■     If  the  cohesion  is  greater  than  —  (the  cohesion 

7T  TV 

being  a  conservative  value  based  on  the  allowable  dis- 
placement of  the  structure),  the  problem  ends  there. 

If  the  cohesion  is  less  than  —  >  then  q  must  not  exceed, 

4c-\-wd  in  any  case,  the  value  q  being  the  average  unit 
vertical  load  transmitted  by  the  wall  or  abutment  to 
the  undersoil.  For  conditions  in  which  4>  is  greater 
than  zero,  q  may  be  computed  directly  from  equation 
(35). 

METHOD  BASED  ON  PLANE  STRAIN  HAS  LIMITATIONS 

For  a  uniform  surface  load  over  a  long  strip  of  parallel 
sides,  Prandtl's  method  12  yields  g  =  5.14c  for  a  purely 
cohesive  soil,  <j>  =  0,  and  for  the  same  conditions  the 
method  of  Krey  13  gives  g=6.6c. 

The  legitimate  use  of  the  formulas  for  plane  strain 
in  connection  with  abutment  and  retaining  wall  prob- 
lems depends  chiefly  on  the  ratio  of  length  to  width  of 
the  footing.  There  have  apparently  been  no  rules 
as  to  procedures  where  this  ratio  is  small.  Furthermore, 
for  a  rectangular  footing  whose  length  is  not  great  in 
comparison  to  its  width,  there  are  apparently  no  for- 
mulas for  stresses  other  than  the  vertical  one,  pz  and 
the  lateral  ones  px  and  pv,  to  be  found  in  current  litera- 
ture. It  is  interesting  therefore  to  compute  pz  for  a 
relatively  long  footing  both  by  the  formula  as  applicable 
to  the  case  of  plane  strain  and  by  the  formula  for  the 
case  involving  three  dimensions.  It  should  be  noted 
that  pz  is  independent  of  elastic  constants  in  either 
method  of  computation,  and  it  is  the  only  stress  having 
this  characteristic. 

In  order  to  indicate  the  limitations  of  the  method 
based  on  plane  strain,  four  different  footings  will  be 
considered.     These  are: 

No.  1 50  feet  long,  8  feet  wide. 

No.  2 35  feet  long,  10  feet  wide. 

No.  3 30  feet  long,  10  feet  wide. 

No.  4 20  feet  long,  10  feet  wide. 

It  is  assumed  that  there  is  a  uniform  load  distribution 
of  3  tons  per  square  foot  on  each  of  these  four  footings. 
The  vertical  pressure,  pz,  at  any  point  in  the  earth  at 
a  depth  of  z  feet  below  the  footing  is  then  computed 
by  two  different  methods.     These  are: 

a.  The  method  based  on  plane  strain. 

b.  The  method  based  on  rectangles  using  Newmark's 
tables  I4  for  convenience. 

Newmark's  method  is  both  convenient  and  precise. 
Another  method  has  been  shown  in  a  previous  publica- 
tion 15  and  in  its  use  the  rectangular  footing  is  sub- 

12  Uber  die  Harte  Plastiseher  Korper  Nachriohten  von  der  Gesellschaft  der  Wissen- 
schaften  zu  Gottingen,  Mathematisch  Physikalische  Klasse,  pp.  74-85,  1920. 

'3  Erddruck  Erdwiderstand  und  Tragfahigkeit  des  Baugrundes,  H.  Krey,  pp. 
193  and  268. 

m  simplified  Computation  of  Vertical  Pressures  in  Elastic  Foundations,  by  Nathan 
M.  Newmark,  Circular  No.  24,  vol.  33,  No.  4,  Engineering  Experiment  Station, 
University  of  Illinois,  Sept.  24,  1935. 

15  The  Theory  of  Soil  Consolidation  and  Testing  of  Foundation  Soils,  by  L.  A  . 
Palmer  and  E.  S.  Barber,  Public  Roads,  vol.  18,  No.  1,  March  1937. 
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Figure   16. 


-Diagram   Showing   Values   Involved  in   Com- 
puting the  Normal  Stress  pz. 


divided  into  elements.  The  load  on  each  element  of 
area  is  then  considered  as  a  point  load  at  the  center 
of  the  element  of  area.  The  computation  of  pz  by 
either  method,  (a)  or  (b),  involves  no  elastic  constants. 
The  formulas  for  pz  as  developed  by  Boussinesq  for  a 
point  load  and  as  extended  by  others  do  not  involve 
elastic  constants. 

With  reference  to  figure  16A,  pz  will  be  computed  for 
depths  of  5,  10,  15,  and  20  feet  along  vertical  lines 
through  the  points,  C,  the  center  of  footing,  0,  the 
midpoint  of  an  end,  and  M,  the  midpoint  of  a  side. 
For  the  method  of  plane  strain,  the  general  formula  is 


Pz=— (a  +  sin  a  COS  2/3). 


•(37) 


where  a  and  /3  are  the  angles  shown  in  figure  16B. 
Along  the  vertical  line  CZ,  2/3=0  and  formula  (37) 
becomes 


(38) 


pz=— (a+sin  a) 

7T 

Along  the  vertical  line,  OZ,  for  points  below  0  at  the 
end  of  the  footing,  half  the  value  of  pz  as  determined  by 
formula  (38)  must  be  taken.  For  points  on  MZ' 
figure  16B,  2/3  =  a. 

Newmark's  tables  are  based  on  values  for  pz  at 
points  on  a  vertical  line  through  a  corner  of  rectangles 
of  various  sizes.  Thus,  the  point,  C,  of  figure  16A  is  a 
corner  common  to  each  of  the  four  rectangles,  1,  2,  3, 
and  4,  all  of  the  same  dimensions.  The  value  pz 
for  a  point  on  CZ  is  first  obtained  for  one  of  these  rec- 
tangles, and  this  value  multiplied  by  4  gives  pz  (for 
a  point  on  CZ)  as  resulting  from  the  load  on  the  entire 
footing.  Similarly,  the  point,  0  is  a  corner,  common  to 
the  two  rectangles,  1  and  2,  taken  together  and  3  and 
4  taken  together. 

An  example  will  clarify  the  two  methods  of  computing 
pz.  It  is  desired  to  know  p2  at  20  feet  below  the  point, 
C,  for  footing  No.  3,  10  feet  by  30  feet,  the  unit  load 
being  3  tons  per  square  foot.  The  rectangles,  1,  2,  3, 
and  4  are  each  5  feet  by  15  feet, 


sin  a 


0    ■     a  a     0f     5  20    1 

=  2  sin  -  cos  tt=2    —=x- 

2        LV425      V425J 


20J!) 

:42.1 


0.471 


and  hence  c*  =  0.490  in  radians.     Then  by  formula  (38), 

3 
p2=-(0.490  +  0.471)  =  0.92  tons  per  square  loot. 

5 
From  Newmark's  tables,  m=— =  0.25= the  width  of 

one  of  the  rectangles,  1,  2,  3,  or  4,  divided  by  the  depth, 

20  feet,  and  w=1|^=^==0.75.     The   "coefficient" 

corresponding  to  w  =  0.25  and  n  =  0.75  is  0.05986. 
This  is  first  multiplied  by  4  for  the  4  rectangles  and 
then  by  3  tons  per  square  foot,  that  is, 

p,  =  0.05986X  12  =  0.72  tons  per  square  foot, 

In  this  manner,  the  values  for  pz  in  table  1  are  com- 
puted for  the  footings,  8  by  50  feet,  10  by  35  feet, 
10  by  30  feet,  and  10  by  20  feet,  each  with  a  uniform 
load  of  3  tons  per  square  foot,  and  at  various  depths 
below  the  points  C,  0,  and  M  (fig.  16). 

Table  1. —  Values  of  pz  computed  by  methods  based  on  plane 
strain  and  on  rectangles,  assuming  a  uniform  loading  of  3  tons 
per  square  foot 


Depth  of 
point 
consid- 
ered 

Vertical  pressure,  p. 

Size  of  footing 
(feet) 

Below  point  C 
by  method 
based  on— 

Below  point  O 
by  method 
based  on- 

Below    point    M 
by  method 
based  on — 

Plane 
strain 

Rec- 
tangles 

Plane 
strain 

Rec- 
tangles 

Plane 
strain 

Rec- 
tangles 

10  by  20 

10  by  30 

10  by  35 

8  by  50 

Feet 

1             5 
10 
15 

1            20 
5 
10 

1             I5 
1            20 

1     5 

1              20 
1            20 

Tons  per 
sq  ft. 
2.46 
1.65 
1.28 

.  92 
2.40 
1.65 
1.28 

.  '.12 
2.  46 
1.65 
1.28 

.  92 
2.  -- 
L39 

.74 

Tons  per 

sq.ft. 

2.40 

1.44 

.94 

.57 

2.44 

1.57 

1.02 

.72 

2.45 

1.60 

1.  12 
.77 

2.  22 
1.37 

.69 

Tons  per 
sq  ft 
1.23 
.82 

.04 
.46 

1.23 
.82 
.04 
.40 

1.23 
.82 
.04 
.46 

1.11 
.69 
.37 

Tons  per 
sq.ft 
1.23 
.81 

.57 
.40 

1.23 
.  82 
.00 
.44 

1.23 
.S2 

.011 

.44 

1.  11 

.  09 
.37 

Tons  per 

sq.ft. 

1.44 

1.23 

1.0.' 

.82 
1.44 
1.23 
1  02 

.82 
1.44 
1.23 
1.02 

.82 

1.40 

1.11 

69 

Tons  per 
sq.ft. 
1.39 
1.05 
.75 
.50 
1.43 
1.16 
.90 
.64 
1.43 
1.18 
.94 
.09 
1.39 
1   10 

.04 

RESULTS  OBTAINED  BY  TWO  METHODS  COMPARED 

For  a  given  footing  it  is  seen  in  table  1  that  the 
difference  in  values  for  pz  as  computed  by  the  two 
methods  increases  with  depth.  The  method  based 
on  plane  strain  is  based  on  the  assumption  that  the 
loaded  foundation  is  of  "infinite"  length.  Only  finite 
lengths  are  considered  in  table  1  and  for  this  reason  the 
values  obtained  by  the  method  based  on  rectangles  axe 
considered  to  be  the  correct  ones. 

In  the  light  of  present  knowledge  it  is  not  possible 
to  compute  shearing  stresses  by  the  method  based  on 
rectangles  but  it  is  possible  to  do  this  by  the  method 
based  on  plane  strain.  As  indicated  previously  it  is 
necessary  to  know  the  shearing  stresses  and  for  this 
reason  it  is  desirable  to  use  the  method  based  on  plane 
strain  when  the  error  involved  in  so  doing  is  not  too 
large.  Since  it  is  possible  to  compute  pz  for  different 
points  at  a  given  depth  by  both  methods,  it  should  be 
reasonable  to  assume  that  if  the  values  so  computed 
are    in    fairly    good    agreement,    then    the    analytical 


200 


PUBLIC  ROADS 


Vol.  19,  No.  10 


method  illustrated  in  figure  15  and  based  on  the 
assumption  of  plane  strain  conditions  is  applicable  in 
any  case  when  the  failure  plane  (AC,  fig.  15)  does  not 
extend  below  the  depth  in  question. 

In  making  use  of  table  1  it  should  be  borne  in  mind 
that  the  ratio  of  width  to  length  of  a  footing  is  the  im- 
portant consideration.  Thus,  any  conclusion  reached 
with  respect  to  the  footing  that  is  10  feet  wide  and  30 
feet  long  is  applicable  also  to  a  footing  that  is  20  feet 
wide  and  60  feet  long,  or  5  feet  wide  and  15  feet  long, 
etc. 

Another  point  to  be  considered  is  the  following: 
In  figure  15,  illustrating  failure  under  an  abutment, 
the  soil  moves  out  in  but  one  direction,  that  is,  along 
plane  CD  which  is  on  the  open  side  of  the  abutment  or 
retaining  wall.     The  depth  BC  in  this  case  is  the  width, 

a,  multiplied  by  cot  (45°-|\     Thus,  for  tf>=0,  BC  (the 

depth  to  which  the  failure  plane  AC  extends)  is  equal 
to  a.  On  the  other  hand  the  supporting  soil  under  a 
bridge  pier  is  free  to  move  out  in  two  directions  rather 
than  but  one.     Then  from  symmetry  the  depth  to  which 

the  failure  plane  extends  under  a  pier  is  -^  cot  (  45°  — ~  j 

where  a  is  the  width  of  the  pier. 

To  illustrate,  if  the  10  by  30-foot  footing  of  table  1 
is  a  bridge  pier  and  if  0  =  0,  the  plane  of  failure  extends 
to  a  depth  of  5  feet  below  the  pier.  For  points  at  this 
depth  it  is  seen  in  table  1  that  the  values  for  pz  computed 
by  the  two  methods  is  in  good  agreement.  On  the 
other  hand  if  the  base  of  an  abutment  has  these  same 
dimensions  and  <£  of  the  supporting  soil  is  zero,  then 
the  failure  plane  extends  downward  to  a  depth  =  a=10 
feet  and  for  this  depth  there  is  greater  divergence  in 
the  two  sets  of  computed  values  of  pz.  The  more 
serious  consideration  then  is  that  of  the  abutment 
or  retaining  wall  where  the  failure  plane  extends  to 
twice  the  depth  that  obtains  in  the  case'of  a  pier. 

As  </>  increases,  cot  (45°  — ~  )  increases  and  the  depth 

{BC  figure  15)=aXcot  (45°  —  ^)  increases.  A  few 
computed  values  are  as  follows: 

Depth  of 
4>,  degrees  failure  plane 

0 a 

10 1.  19a 

20 1.  43a 

22 1.  48a 

30 1.  73a 

38 2.  05a 

For  4>=0  and  for  a  bridge  pier  of  the  dimensions 
shown  in  table  1,  the  failure  plane  extends  down  to  4 
feet  below  the  last  footing  and  to  5  feet  below  the  other 
three.  Since  at  this  depth  the  agreement  in  the  two 
sets  of  computed  pz  values  is  good  in  all  cases,  it  is 
concluded  that  for  any  bridge  pier  having  the  same 
relative  dimensions  as  those  shown  in  table  1,  the 
analytical  method,  assuming  the  method  based  on 
plane  strain,  is  well  warranted  if  </>  =  0.  If  the  first 
footing  is  excepted  the  same  conclusion  is  reached  in 
the  case  of  abutments  or  retaining  walls  of  the  same 
relative  dimensions.  In  this  case  the  plane  of  failure 
extends  down  to  10  feet  below  the  first  three  footings. 
The  divergence  in  pz,  1.57  to  1.65  tons  per  square  foot 
below  point  C  and  1.16  to  1.23  below  point  M  (fig.  16) 
at  10  feet  below  the  10X30-foot  footing  is  not  considered 
as  being  serious. 


By  the  same  reasoning  it  is  concluded  that  if  the 
failure  plane  does  not  extend  below  1%  times  the  width 
of  the  base  of  the  abutment  or  retaining  wall,  the 
analytical  method  assuming  plane  strain  conditions  is 
warranted  for  any  footing  having  a  length-to-width 
ratio  of  3  or  greater.  This  includes  all  types  of  support- 
ing soils  having  a  value  of  <f>  of  about  22°.  The  value 
of  <f>  for  most  clays  seldom  exceeds  20°  and  this  type  of 
soil  is  usually  the  most  dangerous  insofar  as  supporting 
power  is  concerned.  Values  of  <f>  exceeding  20°  are 
characteristic  of  soils  of  considerable  sand  content. 
The  value  of  4>  for  sands  ranges  usually  from  35  to  40°, 
an  approximate  average  value  being  38°  for  which  the 
failure  plane  extends  to  a  depth  of  1.73a  for  an  abut- 
ment and  to  0.87a  for  a  pier. 

CONCLUSIONS 

The  following  conclusions  are  believed  warranted: 

1.  The  analytical  method,  assuming  plane  strain 
conditions,  is  applicable  for  all  bridge  piers  of  the  rela- 
tive dimensions  given  in  table  1  (length-to-width  ratio 
of  2  or  greater)  and  for  all  values  of  </>  ranging  from  0 
to  values  characteristic  of  sand. 

2.  The  same  analytical  method  is  warranted  for 
bridge  abutments  and  retaining  walls  when  the  length- 
to-width  ratio  of  the  base  is  3  or  greater,  4>  having  any 
value  ranging  from  0  to  22°.  This  includes  practically 
all  clays  which  present  the  major  problem  with  respect 
to  supporting  power. 

In  the  absence  of  percolating  water  or  hydrostatic 
uplift,  sands  do  not  generally  present  a  serious  problem. 

It  is  possible  to  check  the  accuracy  of  the  assumption 
of  conditions  of  plane  strain  by  computations  of  the 
stress,  pz.  It  is  not  possible  to  check  the  assumption 
by  computations  of  values  of  all  other  stresses.  On 
account  of  this  fact  there  is  no  check  on  the  reasonable- 
ness of  the  assumption  of  conditions  of  plane  strain 
other  than  the  agreement  of  pz  values  as  computed 
by  the  method  based  on  rectangles  and  by  the  method 
based  on  plane  strain.  A  study  of  past  and  current 
soil  mechanics  literature  does  not  indicate  any  means  of 
computing  by  methods  using  three  dimensions  the  shear- 
ing stresses  at  points  below  a  rectangular  loaded  area. 

The  problem  has,  however,  been  solved  in  part  for 
a  loaded  circular  area  16  and  Jurgenson  17  computes  the 
stresses  below  a  square  footing  by  assuming  a  circle  of 
equivalent  area.  For  the  loaded  circular  area,  the 
analysis  is  limited  to  merely  computing  the  stresses 
at  any  point  below.     Thus,  it  is  known  that  the  greatest 

shearing  stress  is  equal  to  -i  where  p  is  the  unit  load 

(when  the  load  distribution  is  uniform)  and  this  shear- 
ing stress  exists  at  all  points  immediately  beneath 
the  perimeter. 

For  a  circular  footing  there  is  as  yet  no  solution  to  the 
problem  of  determining  the  supporting  power  of  the 

p 
undersoil  when  c,  the  unit  cohesion,  is  less  than  -• 

'  TV 

Nadai  I8  shows  that  on  the  basis  of  experiment  the 
forcing  of  a  punch  of  cylindrical  cross  section  into  a 
plastic  metal  produces  flow  figures  in  the  shape  of 
logarithmic  spirals,  and  the  same  phenomenon  is  ob- 

"  Treatise  on  the  Mathematical  Theory  of  Elasticity  (see  p.  190),  by  A.  E.  H. 
Love,  4th  ed.  Cambridge,  University  Press,  1934. 

"  The  A  pplication  of  Theories  of  Elasticity  and  Plasticity  to  Foundation  Problems, 
by  Leo  Jurgenson,  Journal  of  the  Boston  Society  of  Civil  Engineers,  vol.  21,  No.  3, 
July  1934. 

19  Plasticity,  A.  Nadai,  p.  228,  McGraw-Hill  Book  Co.,  1931. 
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served  in  the  heads  of  boilers  subjected  to  plastic  bend- 
ing under  an  axially  symmetrical  stress  field.  There 
is,  however,  no  adequate  theory  to  account  for  this 
occurrence. 

Oidy  rigid  footings  and  static  loads  have  been  as- 
sumed and  considered  in  this  paper.  The  case  of  flexi- 
ble footings  presents  complicated  factors  which  for  the 
most  part  have  not  as  yet  been  satisfactorily  accounted 
for.  The  problem  of  dynamic  loading  still  awaits  a 
theoretical  solution  substantiated  by  ample  experi- 
mental data. 


THE  COVER  PICTURE 

The  value  of  preserving  trees  and  protecting  them 
from  damage  during  highway  construction  is  shown  by 
the  cover  picture.  This  section  of  U.  S.  Highway  No.  1, 
near  Brunswick,  Maine,  passes  through  a  pine  forest 
known  as  "The  Bowdoin  Pines." 

Modern  highways  are  designed  so  as  to  preserve  the 
natural  beauty  of  the  roadside  without  sacrifice  of 
service  or  utility.  This  has  been  successfully  done  on 
tbe  highway  shown.  Here  the  grade  of  the  highway 
is  at  approximately  the  same  elevation  as  the  surface 
of  the  adjacent  ground.  Note  how  the  undergrowth 
screens  the  bases  of  many  of  the  large  trees,  and  how 
inconspicuous  the  poles  and  wires  become. 
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PROCEDURE  EMPLOYED  IN  ANALYZING 

PASSING  PRACTICES  OF 

MOTOR  VEHICLES 

Reported  by  E.  H.  HOLMES,  Highway  Engineer-Economist,  Bureau  of  Public  Roads 


THROUGHOUT  the  entire  course  of  highway 
development  in  this  country,  there  has  been  con- 
stant and  painstaking  research;  in  fact,  it  may  be 
said  with  practical  certainty  that  only  by  intensive 
research  has  such  rapid  development  been  possible. 
The  efforts  of  the  many  agencies  studying  their  indi- 
vidual problems  have  been  coordinated,  and  the  results 
of  their  work  integrated,  evaluated,  and  made  available 
to  the  benefit  of ;  all  engaged  in  such  activity.  But, 
through  force  of  necessity,  the  engineers  have  devoted 
by  far  the  greater  portion  of  their  efforts  to  the  develop- 
ment of  a  satisfactory  structure.  First,  it  was  neces- 
sary to  determine  the  most  suitable  combinations  of 
available  materials  to  provide  a  structure  physically 
capable  of  supporting  the  loads  imposed  by  the  traffic 
using  it,  over  a  base  frequently  changing  in  its  support- 
ing power  through  changes  in  climatic  conditions. 

With  advances  in  knowledge  of  the  use  of  available 
materials,  attention  was  directed  to  the  refinement  of 
these  materials  and  to  the  development  of  others  to 
provide  even  stronger  and  more  durable  surfaces.  With 
the  development  in  the  uses  of  materials  came  improve- 
ment in  the  processes  of  their  combination,  and  of  their 
application  and  manipulation  in  the  field  to  decrease 
the  cost  of  those  most  generally  used  and  to  make 
available  for  general  use  those  previously  impracticable. 

During  all  this  development  in  technique  and  theory, 
little  attention  was  given  to  the  alinement  of  the  high- 
way other  than  to  adhere  to  standards  which  all  too 
frequently  were  quite  arbitrarily  defined.  Grades 
generally  were  limited  to  a  certain  percent  and  curves 
to  a  fixed  degree,  but  too  often  local  conditions  were 
accepted  as  adequate  reasons  for  disregarding  the 
general  limitations.  From  the  beginning,  economy  of 
construction  was  a  major  factor  in  the  choice  of  grade 
and  alinement.  Calling  upon  the  experience  of  years 
of  railroad  practice,  highway  engineers  balanced  cut 
and  fill,  and  introduced  waste  and  borrow  as  necessary 
to  provide  an  alinement  cheapest  to  follow  within  the 
limits  of  the  standards  adopted. 

Consideration  of  such  factors  as  sight  distance  and 
superelevation,  for  example,  was,  and  generally  still  is, 
on  the  basis  of  single  vehicles.  Limits  were  based  on 
the  distance  required  for  a  vehicle  to  stop  from  a  given 
speed  or  on  the  superelevation  required  for  a  vehicle  to 
negotiate  given  curves  at  given  speeds.  It  is  true  that 
vehicles  have  been  studied  in  quantity,  as  well  as  indi- 
vidually, but  such  studies  have  been  confined  to  their 
total  number  and  their  classification  as  a  justification 
for  certain  types  of  surfacing,  or  to  their  dimensions  and 
weights  for  information  on  the  required  structural 
strength  of  the  surfaces.  Even  up  to  the  present  time, 
there  has  been  no  concerted,  intelligently  directed  effort 
to  determine  the  effectiveness  of  the  highway  in  per- 
forming one  of  its  most  important  functions,  that  of 
permitting  the  safe  and  expeditious  movement  of 
traffic. 

Railroad  design  did  not  contemplate  the  promiscuous 
passing   of   vehicles   moving   in    the   same   direction. 
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Fast-moving  trains  pass  slower  freights  or  passenger 
trains  at  scheduled  times  and  at  predetermined  places, 
not  at  the  particular  time  chosen  as  advisable  or 
expedient  by  the  engineer,  and  passing  sidings  can  be 
constructed  where  the  topography  and  other  features 
indicate  they  are  the  most  economical.  But  there  is 
no  justification  for  building,  for  example,  a  three-lane 
road,  perfectly  designed  as  to  economy  of  construction, 
if  its  alinement  is  such  that  traffic  must  be  restricted 
to  two  lanes  on  frequently  recurring  hillcrests  or 
curves.  In  providing  opportunity  for  passing  only 
where  the  topography  is  especially  suitable,  the  road 
does  not  fulfill  the  demands  of  the  traffic  which  justi- 
fied it.  In  short,  past  research  has  been  largely  di- 
rected toward  the  economy  of  construction,  and  there 
is  ample  evidence  that  in  too  many  instances  con- 
centration on  this  factor  has  been  at  the  expense  of 
the  economy  of  alinement,  as  measured  by  the  effec- 
tiveness of  the  completed  highway  as  a  medium  of 
economical  transportation. 

FIELD  STUDY  OF  PASSING  PRACTICES  NECESSARY 

In  the  future,  research  in  materials  and  in  the 
methods  of  their  placement  must  be  continued,  but 
much  more  emphasis  must  be  placed  on  this  necessary 
analysis  of  the  effectiveness  of  the  highways  built. 
In  fact,  it  is  likely  that  highway  research  of  the  future 
will  be  concentrated  on  the  design  of  alinement,  grades, 
and  widths  of  particular  routes,  and  on  the  relationship 
of  entire  highway  systems  to  the  needs  of  the  public, 
as  well  as  upon  the  design  of  the  surfaces  themselves. 
In  this  future  analysis  work,  there  must  be  constant 
improvement  of  existing  methods  of  traffic  analysis, 
and  the  development  of  entirely  new  methods  for 
studying  the  new  problems  which  will  be  presented. 

Coincident  with  this  development  of  methods,  there 
will  be  required  the  design  and  development  of  instru- 
mentation to  make  possible  the  gathering  in  the  field 
of  the  data  required  by  these  various  analysis  methods. 
In  the  future,  it  will  not  be  sufficient  to  confine  the 
analysis  of  the  movement  of  traffic  to  the  movement 
of  individual  units  of  the  traffic  stream.  A  sufficient 
analysis  must  be  broad  enough  in  its  scope  to  include 
all  vehicles  using  the  highway.  It  may  be  considered 
a  problem  of  dynamics  in  which  it  is  necessary  not 
only  to  study  the  movement  of  the  individual  units  of 
the  traffic  stream,  but  also  to  determine  how  the 
movement  of  these  units  is  affected  by  the  external 
forces  within  and  without  the  stream  itself. 

Of  course,  in  the  actual  analysis  of  this  whole  problem, 
the  approach  must  be  by  small,  independent,  yet 
related  investigations.  Two  separate  studies  bearing 
on  the  problem  are  now  being  conducted  by  the  Bureau 
of  Public  Roads.1  A  study  of  the  speed  and  spacing 
of  vehicles  has  enabled  conclusions  to  be  drawn  as  to 
the  normal  habits  of  drivers  under  various  traffic 
conditions  and  to  develop  indices  to  measure  when,  in 

i  Preliminary  reports  of  these  studies  will  be  published  in  the  February  1939  issue 
of  Public  Roads. 
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their  normal   driving  over  present  highways,   drivers 
become  aware  of  traffic  congestion. 

In  another  study,  analysis  is  being  made  of  the  per- 
formance of  motortrucks.  Since  trucks  constitute  a 
known  portion  of  highway  traffic,  results  of  this  study 
can  be  utilized  in  conjunction  with  the  findings  of 
studies  of  the  normal  habits  of  all  drivers.  It  will  be 
possible  to  determine  not  only  reasonable  performance 
factors  for  these  vehicles,  but  also  the  effect  slow-moving 
vehicles  have  when  they  are  found  in  varying  per- 
centages in  the  traffic  stream.  Still  another  study 
deals  with  the  transverse  placement  of  vehicles  on  the 
highway.  By  means  of  electrical  instruments  the 
position  of  each  vehicle  is  automatically  recorded  as  it 
passes  a  given  point,  while  speed  meters,  now  in  the 
process  of  development,  will  simultaneously  record  the 
speeds.  Only  by  a  coordination  of  such  studies  can 
standards  be  evolved  that  will  result  in  the  greatest 
latitude  in  the  design  of  the  highway  and  of  the  vehicle 
consistent  with  the  free  movement  of  traffic. 


Figure   1. — One  Set  of  Graphic   Recorders,   and   Master 
Clock  Used  to  Synchronize  all  Six  Recorders. 


Still  another  study  in  this  series  of  closely  related 
investigations  is  an  analysis  of  passing  practices. 
Studies  of  passing  distances,  both  by  analytical  and 
experimental  methods,  have  frequently  been  under- 
taken, and  their  results  have  been  useful.  Yet  it  is 
believed  that  none  of  these  studies,  generally  confined 
to  the  mechanics  of  passings,  has  been  sufficiently 
exhaustive  in  its  nature  to  answer  all  the  questions  the 
highway  designer  should  ask.  It  is  not  difficult  to 
determine  the  distance  required  for  one  vehicle  to  pass 
another  under  various  conditions  of  speeds  of  the  two 
vehicles,  but  the  results  are  of  little  value  unless  the 
frequency  of  concurrence  of  passings  at  various  speeds 
is  also  known.  Similarly,  it  is  of  little  value  to  know 
the  frequency  with  which  such  simple  passings  occur,  if 
the  majority  of  passings  are  accomplished  not  singly,  but 
in  groups.  A  comprehensive  analysis  of  passing  prac- 
tices must,  therefore,  be  built  around  the  following 
specifications  as  an  absolute  minimum: 

1.  The  study  must  be  conducted  in  the  field. 

2.  The  study  must  include  only  the  normal  traffic. 


Test  drivers  or  test  vehicles  cannot  be  employed  in 
determining  normal  passing  practices. 

3.  All  the  units  of  the  traffic  stream  must  be  observed, 
and  their  progress  recorded  continuously. 

4.  The  section  over  which  the  study  is  conducted 
must  be  of  sufficient  length  to  permit  the  completion  of 
any  normal  passing  maneuver. 

5.  Since  observation  of  normal  driving  practice  is 
required,  the  work  must  be  so  distributed  geographically 
that  all  differences  in  driving  habits  are  included. 

In  the  development  of  a  method  satisfying  these 
requirements,  a  half-mile  section  of  roadway  was 
decided  upon  as  a  suitable  length  to  comply  with 
requirement  4.  Whether  it  was  too  short  or  whether 
it  involved  unnecessary  work  in  being  too  long  can 
only  be  determined  by  analysis  of  the  field  data. 
Indications  are,  however,  that  this  length  was  ample. 
It  then  became  necessary  to  find  a  means  of  recording 
the  progress  of  all  vehicles  as  they  traversed  the  section. 
Many  methods  were  considered  and  discarded  without 
trial  in  the  field.  Others,  including  various  photo- 
graphic means,  were  investigated  in  the  field,  and  of 
these  the  method  chosen  involved  an  adaption  of  a  type 
of  equipment  previously  employed  for  highway-capac- 
ity and  other  studies. 

DETECTORS    SPACED    AT    50-FOOT    INTERVALS    ALONG    HALF-MILE 
SECTION  OF  HIGHWAY 

The  method  recpiired  that  detectors  be  placed  in  each 
traffic  lane  at  50-foot  intervals.  Each  detector  was 
connected  by  a  cable  to  an  individual  pen  of  a  graphic 
time  recorder,  which  recorded  on  a  strip-chart  the  time 
at  which  each  passing  vehicle  actuated  successive 
detectors  in  the  particular  lane  in  which  it  was  traveling. 
Since  this  strip-chart  moves  at  a  constant  speed,  to 
determine  the  speed  of  any  vehicle  over  any  50-foot 
section  required  only  that  the  distance  on  the  chart 
between  the  marks  made  by  successive  pens  be  scaled, 
and  that  this  measurement  be  converted  to  speed.  The 
precision  of  measurement  of  vehicle  speed  thus  is  a 
function  of  the  chart  speed.  In  these  studies,  a  chart 
speed  of  45  inches  per  minute  permitted  the  determi- 
nation of  the  vehicle  speed  to  within  2  miles  per  hour  at 
60-mile-per-hour  speeds  and  with  correspondingly 
greater  precision  at  slower  speeds.  Over  fOO-foot 
sections,  of  course,  the  possible  error  is  but  half  as  great. 

Observation  over  a  half-mile  section  required  108 
detectors,  54  for  each  lane  of  the  two-lane  roads,  and, 
correspondingly,  time  recording  apparatus  with  a 
similar  number  of  pens.  Fortunately,  recording  equip- 
ment ideally  adapted  to  this  purpose  was  available 
commercially,  and  experience  with  these  particular 
instruments  in  previous  studies  by  the  Bureau  indicated 
that  they  would  dependably  and  accurately  record  all 
the  movements  required.  The  recording  apparatus,  as 
it  was  assembled  in  this  study,  consisted  of  a  number  of 
20-pen  time  recorders,  normally  driven  by  clockwork 
but  which  could  be  coupled  together  in  pairs  to  form 
40-pen  units,  the  entire  units  being  driven  by  external 
electric  motors  to  provide  the  fast  chart  feed  required 
for  the  work.  A  complete  recording  unit  is  shown  in 
figure  1. 

The  entire  half-mile  of  highway  was  divided  into 
three  independent  sections.  Within  each  section,  the 
detectors  were  connected  to  a  single  40-pen  recording 
unit,  thus  making  it  desirable  that  the  recording  units 
be  located  at  three  separate  points.  While  the  two 
charts  in  a  single  unit  were  constantly  synchronized  by 
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the  mechanical  coupling  between  the  two  recorders,  it 
was  necessary  to  synchronize  the  three  units  by  means 
of  a  single  master  clock  in  series  with  a  pen  in  each  of 
the  six  recorders.  This  clock  automatically  closed  a 
circuit  and  actuated  the  six  pens  at  10-second  intervals, 
while  the  time  of  day  was  recorded  in  code,  by  means  of 
a  telegraph  key  in  the  same  circuit,  at  intervals  of  2 
or  3  minutes. 


Figure  2. — Detector  Tube  Being  Installed.     The  Tube  is 
Centered  and  the  Fnds  Fastened  by  Spikes. 

The  most  difficult  feature  of  the  instrumentation  was 
the  provision  of  satisfactory  detectors.  An  exhaustive 
study  of  available  dete'ctors  revealed  that  none  could 
be  relied  upon  even  for  counting  traffic,  to  say  nothing 
of  satisfying  the  more  rigid  requirements  of  this  par- 
ticular study.  Cheapness  in  original  cost,  inasmuch  as 
over  100  were  required,  was  an  important  item,  but 
ease  of  handling,  both  in  installation  and  in  transit, 
was  equally  essential. 

As  a  result  of  concentrated  efforts  in  the  development 
of  such  a  detector,  a  design  employing  an  air  switch 
and  a  rubber  tube  was  finally  adopted.  The  air  switch 
itself  was  constructed  from  an  automobile  oil  pressure 
unit  by  removing  the  original  metal  diaphragm  and 
inserting  in  its  place  a  sensitive  diaphragm  of  rubber. 
To  this  revamped  air  switch  was  connected  a  rubber 
tube  about  three-eighths  of  an  inch  in  external  diameter 
to  be  laid  across  the  pavement.  Even  the  selection  of 
a  suitable  tube  involved  considerable  research  since 
durability  under  traffic,  resiliency,  and  a  certain  wall 
stiffness  proved  to  be  essential  factors.  Finally  a  tube 
composed  of  95  percent  pure  gum  rubber,  liberally 
treated  inside  with  talc,  was  adopted.  As  a  vehicle 
passed  over  this  tube,  the  air  displaced  by  the  wheels 
actuated  the  diaphragm  and  closed  a  circuit  leading  to 
the  time  recorders.  The  design  of  the  complete  detect- 
ing unit  is  described  in  detail  on  pages  214-216. 

As  the  detector  was  adapted  to  use  in  the  passing- 
studies,  two  air  switches  were  attached  to  each  tube, 
one  at  each  end,  and  holes  were  punched  through  the 
walls  of  the  tube  at  its  midpoint.  These  holes  effec- 
tively prevented  the  air  impulses  from  passing  across 
the  midpoint  and  each  air  switch  could,  therefore,  be 
actuated  only  by  the  vehicles  in  the  traffic  lane  nearest 
the  switch.  Thus  a  single  tube  and  two  air  switches 
served  as  two  detectors,  and  permitted  positive  identi- 
fication of  the  lateral  position  of  all  vehicles  with  respect 
to  the  lane  in  which  they  traveled.  Figure  2  shows  the 
rubber  tube  being  centered  on  the  road  during  installa- 
tion. 

An  interesting  feature  of  the  detector  was  the  means 
by  which  the  electrical  circuits  were  conducted  from 
the  air  switches  to  the  recorders.  There  were,  of  course, 
two  leads  from  each  air  switch.  The  negative  leads 
from  the  switches  on  the  side  of  the  road  opposite  the 
recording  equipment  were  connected  to  a  single,  wire 


running  the  length  of  the  section  and  serving  as  a 
common  return.  The  positive  lead  from  each  of  these 
switches  was  returned  by  a  wire  installed  inside  the 
tube  to  the  side  of  the  road  near  the  recording  equip- 
ment, and  was  there  incorporated  in  the  cable  leading 
to  the  time  recorders.  The  entire  unit,  including  the 
tube  and  the  two  air  switches  enclosed  in  ordinary  tin 
cans  for  protection  from  the  weather,  cost  less  than  $4. 
and  could  be  wound  into  a  small  coil  when  not  in  use. 
When  installed  at  50-foot  intervals  on  a  concrete  road 
the  tubes  resembled  expansion  joints,  and  were  barely 
visible  on  bituminous  surfaces. 

POSITION  AND  SPEED  OF  EACH  VEHICLE  RECORDED 

Finally,  to  connect  the  road  switches  to  the  time 
recorders,  some  50,000  feet  of  wire  was  made  up  into 
six  cables,  one  cable  to  run  in  each  direction  from  each 
recording  unit.  To  the  detectors  at  the  ends  of  the 
section  ran  three  wires,  two  for  the  positive  leads  and 
a  common  return  for  the  negative  lead  to  the  switch 
on  the  near  side  of  the  road.  While  the  common  re- 
turn was  tapped  at  each  detector,  two  wires  for  the 
positive  leads  were  added  to  the  cable  at  50-foot  inter- 
vals until  it  consisted  of  19  wires  for  the  road  switch 
circuits  as  it  reached  the  recording  equipment.  The 
recording  units  were  connected  by  four  more  wires  that 
were  incorporated  in  the  cable.  Two  of  these  wires 
were  for  the  circuits  for  the  synchronizing  clock,  and 
two  were  for  the  telephones  used  in  communication 
between  the  three  units.  The  common  returns  on  the 
two  sides  of  the  road  were  connected  by  a  wire  laid 
across  the  pavement.  The  single  return  wire  men- 
tioned previously,  with  the  leads  accurately  spaced  at 
50-foot  intervals,  was  normally  laid  first,  pulled  taut 
and  spiked  at  both  ends.  By  using  these  leads  in 
spacing  the  detectors,  it  was  not  necessary  to  measure 
the  sections  before  or  during  installation. 

The  installation  of  the  equipment  is  the  most  labori- 
ous feature  of  the  field  work,  a  minimum  of  4  hours 
being  required  for  six  men  to  install  all  the  equipment 
and  prepare  the  recording  units  for  operation.  Once 
the  installation  is  complete,  the  operation  of  the  ap- 
paratus is  a  simple  matter.  With  an  attendant  at 
each  recording  unit,  all  six  recorders  are  started  simul- 
taneously. The  charts,  supplied  in  100-foot  rolls,  last 
about  25  minutes  at  the  chart  speed  utilized  in  this 
study.  After  one  set  of  charts  is  exhausted,  new  ones 
are  inserted  in  all  the  recorders  and  again  the  units  are 
started  simultaneously,  the  change-over  normally  re- 
quiring about  3  minutes. 

During  the  time  the  charts  are  running  through  the 
recorders,  the  attendants  record,  by  means  of  a  tele- 
graph key  in  circuit  with  a  special  pen,  the  passage  of 
trucks  or  busses.  By  thus  classifying  passing  vehicles, 
it  will  be  possible  to  determine  whether  the  type  of 
vehicle  is  in  itself  a  factor  in  passing  practice. 

During  the  preliminary  work  conducted  during  the 
fall  months  of  1938,  it  was  customary  to  install  the 
equipment  on  Saturday  morning,  and  to  operate  it 
that  afternoon  and  most  of  the  daylight  hours  on  Sun- 
day. The  equipment,  with  the  exception  of  the  de- 
tectors, was  left  in  place  over  Saturday  night.  By 
conducting  the  studies  in  this  way,  at  four  different 
locations  in  the  vicinity  of  Washington,  D.  C,  one  of 
which  is  shown  in  figure  3,  information  has  been  accu- 
mulated on  approximately  2,000  passings.  These  data 
are  now  being  analyzed  in  the  office.  It  is  expected 
that  analysis  of  a  major  part  of  the  field  data  already 
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Figure  3. — Detectors  in  Place  ox  a  Section  of  Road  on 
Which  Passing  Practices  Were  Observed. 

collected  will  be  completed  before  field  work  is  resumed 
in  the  summer  months  of  1939. 

The  records  of  simple  passings  as  they  appear  on  the 
charts  are  not  difficult  to  interpret,  although  passings 
involving  several  vehicles  are  naturally  more  compli- 
cated. The  pens  in  the  two  recorders  of  each  unit 
were  so  connected  with  the  road  switches  that,  as  a 
vehicle  travels  in  its  own  lane  through  the  section,  its 
progress  is  recorded  on  successive  pens  on  one  machine. 
As  a  vehicle  traverses  the  section  in  the  opposite  direc- 
tion in  its  own  lane,  it  actuates  successive  pens  in  the 
other  of  the  two  recorders.  If,  however,  a  vehicle 
moves  in  the  left  lane,  it  actuates  the  pens  in  the  re- 
corder connected  to  the  switches  in  that  lane,  but  in 
the  reverse  order,  while  if  it  straddles  the  center  line  it 
actuates  similarly  numbered  pens  in  the  two  recorders 
simultaneously. 

Thus  in  a  simple  passing  the  two  vehicles  engaged  in 
the  maneuver  are  first  recorded  on  the  chart  for  the 
right  lane.  As  the  second  vehicle  draws  left  to  begin 
passing,  its  progress  is  charted  on  both  recorders  wliile 
it  straddles  the  center  line.  Soon  it  moves  com- 
pletely into  the  left  lane  and  its  progress  is  noted  only 
on  the  recorder  for  that  lane,  where  the  pens  are 
actuated  in  reverse  order.  After  having  passed  the 
first  vehicle,  the  passing  vehicle  is  recorded  again  as  it 
straddles  the  center  line  in  returning  to  its  own  lane; 
and  finally,  as  it  draws  away  from  the  vehicle  just 
passed,  it  again  is  recorded  only  in  the  right  lane. 
Meantime,  the  passed  vehicle  has  been  maintaining  its 
course  along  the  right  lane,  and  the  effect  of  the  passing 
on  this  vehicle  may  readily  be  observed  by  determining 
whether  it  accelerated,  decelerated,  or  continued  at  the. 
same  speed  while  the  other  vehicle  passed  and  drew 
away. 

STUDY  DETERMINES  ACTUAL  DRIVING  PRACTICES 

Although  interpretation  of  the  field  data  is  not  diffi- 
cult, its  transcription  and  summarization  is  extremely 
laborious.  Analysis  of  two  or  three  passings  per  clerk 
per  day  is  all  that  is  possible  in  view  of  the  completeness 
of  the  information  obtained.  The  figures  in  table  1 
were  summarized  from  the  transcribed  data  from  two 
simple  passings. 

Although  some  of  these  data  will  not  be  required  in 
the  immediate  analysis,  summarizing  and  tabulating 
the  material  in  detail  is  essential  to  permit  any  future 
analyses  that  may  be  required.  It  is  obvious  that  in 
each  simple  passing  there  are  four  major  variables. 
Three  of  them — the  speed  of  the  passed  vehicle,  the 
speed  of  the  passing  vehicle,  and  the  speed  of  the 
approaching  vehicle,  if  any, — are  independent  variables 


Table  1. — Sample  data  for  two  simple  vehicle  passings 


Passing 


Item 


Speed  of  passed  vehicle  before  the  passing miles  per  hour.. 

Speed  of  passing  vehicle  before  the  passing _ do 

Maximum  speed  of  passed  vehicle  during  the  passing-...,. .do... 

Maximum  speed  of  passing  vehicle  during  the  passing do 

Speed  maintained  by  passed  vehicle  after  the  passing. do 

Speed  maintained  by  passing  vehicle  after  the  passing do... 

Speed  difference  before  the  passing do._. 

Maximum  speed  difference  during  the  passing do 

Speed  difference  after  the  passing do.._,_ 

Distance  passing  vehicle  straddled  center  line  in  beginning  passing 

feet.. 

Distance  passing  vehicle  traveled  entirely  in  left  lane do 

Distance  passing  vehicle  straddled  centerline  in  completing  passinc 

feet.. 

I  "  ■■  i :  i  r ;  i  ■.  |  .assing  vehicle  encroach)  d  in  left  lane  .do 

Time  passing  vehicle  encroached  in  left  lane seconds. . 

Speed  of  approaching  vehicle. ..miles  per  hour.. 

Distance  between  passing  vehicle  and  vehicle  approaching  from  the 

other  direction  immediately  before  passing feet.. 

Distance  approaching  vehicle  traveled  during  passing.. do 

Clearance  between  passing  and  approaching  vehicles  at  completion 

of  passing.. _ feet.. 


1  None  involved. 

while  the  fourth,  the  dependent  variable,  is,  of  course, 
the  distance  required  for  the  completion  of  the  ma- 
neuver. In  addition  to  these  major  variables,  there  are, 
particularly  in  multiple  passings,  a  large  number  of 
minor  variables,  many  of  which  will  be  significant  in  an 
analysis  of  the  entire  problem. 

With  respect  to  the  relative  importance  of  the  various 
phases  of  the  analysis,  it  should  be  apparent  that  the 
times  and  distances  involved  in  individual  passings  are 
of  minor  importance.  It  is  true  that  in  the  design  of 
highways,  distances  required  to  pass  under  the  various 
conditions  normally  encountered  must  be  known  in  order 
to  provide  the  required  sight  distances.  These  distances 
are,  again,  those  needed  in  the  design  of  the  structure 
and  add  but  little  to  our  knowledge  of  the  effectiveness 
of  the  highway  in  providing  for  the  free  movement 
of  traffic. 

Toward  the  end  of  interpreting  the  effectiveness  of 
the  highways  as  a  medium  of  transportation,  however, 
it  is  likely  that  information  on  the  time  required  to  pass, 
rather  than  the  distance  in  which  the  passing  is  com- 
pleted, will  be  of  major  significance,  for  it  becomes 
increasingly  evident  that  the  time  spacing  of  vehicles 
may  follow  some  rather  definite  laws.  Accordingly,  a 
correlation  between  the  time  required  to  pass  and  the 
time  spaces  normally  available  in  the  opposing  traffic 
lane  will  yield  almost  positive  information  with  respect 
to  highway  capacity. 

But  it  is  of  far  greater  importance,  in  the  analysis  of 
the  entire  problem  of  vehicular  movement,  to  under- 
stand, rather  than  the  elements  of  time  and  space 
involved  in  these  individual  or  multiple  passings,  the 
actual  behavior  of  the  driving  public.  It  is  neces- 
sary to  examine  closely  how  passings  are  accom- 
plished and  in  what  number  they  may  be  expected, 
whether  there  is  a  preponderance  of  single  passings, 
as  mentioned  before,  or  whether  the  majority  of  pass- 
ings are  accomplished  by  groups  of  vehicles  passing 
other  groups,  and  whether  the  alinement  of  the  high- 
way itself  perhaps  has  a  greater  influence  on  the  passing 
practices  than  do  the  psychology  and  desires  of  the 
individual  drivers  found  in  normal  highway  traffic. 
Studies  that  have  already  been  completed  along  these 
and  other  lines  have  indicated  that  this  driver  psychol- 
ogy plays  an  important  part  in  our  traffic  problem. 


(Continued  on  page  221 ) 


A  SIMPLE  PORTABLE  AUTOMATIC  TRAFFIC 

COUNTER 

Reported  by  R.  E.  CRAIG,  Junior  Highway  Engineer,  and  S.  E.  REYMER,  Chief  Scientific  Aide,  Bureau  of  Public  Roads 


Figuhe  1. — Portable  Automatic  Traffic  Counter,  Consisting  of:  Left,  Road  Switch  and  Rubber  Tube;  Middle,  Box 
Housing  Counting  Unit  and  Batteries;  and  Right,  Cable  Connecting  Pneumatic  Detector  to  Counter. 


MOST  of  the  States  now  engaged  in  the  highway 
planning  surveys  have  completed  the  major  part 
of  the  field  work  in  connection  with  the  traffic  sur- 
veys. These  traffic  surveys  have  necessarily  been  ex- 
tremely detailed  in  their  nature.  Not  only  has  the 
geographical  coverage  been  extensive  but  at  many  key 
points  the  traffic  patterns  have  been  intensively  studied 
using  data  obtained  by  regularly  repeated  manual 
counts  and  by  permanently  installed  automatic  traffic 
recorders.  Traffic  has  been  classified  by  vehicle  types 
on  practically  all  roads  throughout  the  various  States 
and,  on  the  more  important  highways,  volume  and  clas- 
sification counts  have  been  supplemented  by  studies  of 
commodity  movements,  of  the  origin  and  destination  of 
both  passenger  and  commercial  traffic,  of  the  weights 
and  dimensions  of  commercial  vehicles,  and  many  other 
special  localized  studies. 

This  information,  now  in  the  process  of  tabulation 
and  analysis  will  provide  knowledge  necessary  to  a 
determination  of  present  traffic  requirements.  Since 
appreciable  increases  in  traffic  volumes  are  a  future 
probability,  it  is  essential  that  traffic  counts  be  con- 
tinued as  a  measure  of  future  traffic  requirements.  It 
is  believed  that,  with  the  exception  of  the  material 
changes  either  in  the  volume  or  classification  of  the 
traffic  in  small  areas  because  of  extensive  construction 
projects  or  significant  economic  changes,  the  general 
trends  of  traffic  flow  will  remain  rather  uniform  through- 
out a  given  area.  Therefore,  it  should  be  possible  to 
measure  the  increases  or  decreases  of  the  total  traffic 
volume  by  means  of  a  relatively  few  counts  properly 
distributed  as  to  time  and  location. 

Since  in  a  determination  of  changes  in  the  general 
level  of  traffic  flow,  vehicle  classification  and  other  de- 
tailed information  become  relatively  less  important,  it 
should  be  possible  to  collect  all  the  necessary  informa- 


tion readily  and  cheaply  by  means  of  automatic  traffic 
counters,  should  such  machines  be  inexpensive  and 
easily  portable.  The  idea  of  employing  portable  count- 
ers, either  of  the  recording  or  nonrecording  type,  is  not 
new.  The  need  for  such  counters  has  long  been  felt, 
and  a  number  of  agencies  have  experimented,  some  at 
the  expense  of  considerable  time  and  money,  with  the 
object  of  producing  a  suitable  portable  counter. 

Simple  accumulating  type  counter. — When  equipment 
was  first  being  developed  by  the  Bureau  of  Public  Roads 
for  use  in  the  study  of  motor-vehicle  passing  practices, 
discussed  in  the  preceding  report,  no  satisfactory  porta- 
ble traffic  counters  were  available,  principally  because 
a  suitable  means  of  detecting  the  passing  vehicles  had 
not  yet  been  developed.  The  success  with  which  the 
pneumatic  detector,  used  in  these  passing  studies,  actu- 
ated the  recording  elements  in  the  time  recorders,  led  the 
Bureau  to  believe  that  these  same  or  similar  detectors 
might  be  adapted  to  a  properly  designed  counting 
mechanism  to  permit  the  construction  of  a  low-priced, 
self-contained  traffic  counter.  Some  experimenting 
was  necessary  in  order  to  determine  the  proper  electrical 
constants  to  be  included  in  a  satisfactory  counting- 
circuit  but,  in  the  end,  very  few  changes  in  the  detector 
were  required. 

Throughout  the  development  work,  the  primary  re- 
quirements were  simplicity,  ruggedness,  portability,  low 
cost,  ease  of  installation,  and  ability  to  make  an  accu- 
rate count  of  vehicles  traveling  at  high  speeds. 

The  traffic  counter  as  now  developed,  shown  in  figure 
1,  consists  of  an  electrically  operated  counting  unit  con- 
nected by  a  cable  to  a  pneumatically  operated  detector. 

The  counting  unit  is  comprised  of  an  electromagnetic 
counter  of  the  type  employed  as  telephone  call  registers, 
an  intermediate  relay,  the  necessary  batteries  for  oper- 
ating the  counter  and  relay,  and  other  circuit  compo- 
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Figure  2. 


The  Counting  Unit,  Which  Consists  of  an  Electromagnetic  Counter,  ax  Intermediate  Relay,  Batteries  for 
Operating  the  Counter  and  Relay,  and  Other  Circuit  Components. 


nents.  This  apparatus  is  housed  in  a  metal  box  pro- 
vided with  a  hinged  lid,  lock,  and  carrying  handle.  The 
counter  is  mounted  adjacent  to  a  small  window  in  the 
front  side  of  the  box,  permitting  it  to  be  read  from  the 
exterior. 

Figure  2  is  an  interior  view  of  the  counting  unit, 
showing  the  arrangement  of  its  component  parts. 

OPERATION  OF  ROAD  SWITCH   DESCRIBED  IN  DETAIL 

Figure  3,  top,  shows  the  assembled  pneumatic 
detector.  The  assembly  consists  of  the  road  switch 
mounted  on  the  inside  of  the  lid  of  an  ordinary  tin 
container.  As  shown  in  the  figure,  the  lid  is  held 
securely  in  place  by  a  wire  clamp  that  rides  in  a  metallic 
guide  fastened  to  the  bottom  of  the  tin  container  with 
a  single  brass  screw  that  is  also  used  to  hold  a  spring 
clip.  One  terminal  of  the  cable  connecting  the  count- 
ing unit  to  the  detector  is  connected  to  the  spring- 
clip,  the  other  terminal  of  the  cable  is  fastened,  by 
means  of  a  solderless  connector,  to  a  short  length  of 
insulated  wire  brought  through  a  hole  provided  in  the 
lid.  Additional  insulation  is  used  where  the  wire  goes 
through  the  lid.  A  one-fourth-inch  iron  washer  and 
lock-nut  are  used  to  mount  the  road  switch  on  the  lid. 
Rubber  tubing  of  the  desired  length  is  connected  to  the 
road  switch  by  means  of  a  one-eighth-inch  brass  nipple 
and  reducer.  The  rubber  tubing  is  cemented  to  the 
brass  nipple  with  rubber  cement. 

Figure  3,  bottom,  shows  the  component  parts  of 
the  road  switch,  which  is  a  modified  automobile 
oil  pressure  gage.      In  order  to  render  the  road  switch 


sufficiently  sensitive,  a  thin  rubber  diaphragm  was 
substituted  for  the  copper  diaphragm  with  which  it  was 
originally  equipped.  The  cover  A  is  removed  from  the 
unit  by  turning  off  the  crimped  edge  in  a  lathe.  Only 
sufficient  metal  is  cut  away  to  permit  the  cover  to  be 
removed.  The  cover  can  be  made  to  snap  back  onto  the 
base  D  by  slightly  crimping  opposite  places  on  the  rim 
of  the  cover  A.  Frame  B,  which  carries  the  contacting 
elements,  is  removed  from  the  base  D  by  opening  the 
three  small  ears.  A  seven-eighths-inch  diameter  hole  is 
cut  in  the  metallic  diaphragm  of  the  base  D.  The  dia- 
phragm C  consists  of  a  piece  of  thin  sheet  rubber  sand- 
wiched between  and  cemented  to  two  paper  disks. 
Diaphragm  C  is  then  cemented  to  base  D  with  a  rubber 
cement  used  for  metallic  surfaces.  The  one-eighth- inch 
brass  reducer  and  nipple  are  marked  E  and  F,  respec- 
tively. The  contacting  elements  on  frame  B  were 
originally  flexibly  mounted  with  respect  to  their  actu- 
ating elements.  It  was  found  necessary  to  secure  them 
rigidly  to  the  actuating  elements  as  shown  in  figure  4 
in  order  to  eliminate  vibration  and  consequent  erro- 
neous counts. 

A  wiring  diagram  of  the  traffic  counter  is  shown 
in  figure  5,  the  operation  being  as  follows:  With 
plug  P  inserted  in  the  jack  J,  and  battery  switch  SW 
in  the  "On"  position,  vehicles  passing  over  the  pneu- 
matic detector  cause  contacts  K2  to  close  momentarily. 
Relay  Lx  is  then  operated  by  the  battery  B  closing  con- 
tacts Ki  which  in  turn  operate  the  counter  L2  from  a 
higher  voltage  tap  on  battery  B.  Upon  the  closure  of 
contacts  K2,  the  condenser  C,  is  charged  substantially 
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Figure  3. — Top,  the  Assembled  Road  Switch.     Center,  Road  Switch  With  Can  and  Fastenings  Removed.    Bottom,  the 

Component  Parts  of  the  Road  Switch. 
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RESISTOR  TO   BE  REMOVED 
FROM  EARS  ANO  REPLACED 
WITH   SHORTING  BAR  R 
SOLDERED  TO  BENT  EARS 


CONTACT  ARMS  TO  BE 
REMOVED   FROM   RIVET 
HOLES  S  AND  SOLDERED 
TO  ACTUATING  ELEMENTS 
AT  POINTS    I,  2,3,ANO  4 


RUBBER 
DIAPHRAGM 
0.007  THICK 


SECTION-  ASSEMBLED   UNIT 


BASE  D 


Figure  4. — Details  of  the  Road  Switch. 


to  battery  potential,  and  its  discharge  through  the  coil 
of  relay  Lt  upon  the  opening  of  contacts  K2  serves  to 
increase  the  holding  time  of  contacts  Kj  as  well  as  to 
insure  operation  of  relay  L^  in  the  event  of  the  very 
brief  closures  of  contacts  K2  which  result  from  vehicles 
traveling  at  very  high  speeds.  Condenser  Ci  also 
serves  to  suppress  sparking  at  contacts  K2  thus  helping 
to  increase  their  life.  Condenser  C2  in  conjunction 
with  resistor  R  serves  as  a  spark  suppressor  for  contacts 

The  operation  of  the  pneumatic  detector  is  as  follows: 
Each  pair  of  wheels  of  a  vehicle  in  passing  over  the 
rubber  tubing  stretched  across  the  highway  causes  an 
air  pressure  impulse  that  moves  the  rubber  diaphragm 
in  the  road  switch  which,  in  turn,  actuates  the  contact- 
ing elements,  closing  the  battery  circuit  and  energizing 
the  relay  in  the  counting  unit.     The  end  of  the  rubber 


tubing  remote  from  the  diaphragm  is  left  open  because 
it  has  been  found  that  this  permits  equalization  of  air 
pressures  inside  and  outside  the  rubber  tubing  to  be 
quickly  established  after  passage  of  the  wheels  over 
the  tubing,  eliminating  erroneous  counts  resulting  from 
air  surges,  as  well  as  preventing  false  operation  from 
changes  hi  temperature. 

Laboratory  tests  have  shown  that  the  counter  will 
respond  to  impulses  spaced  0.072  second  apart.  This 
speed  of  operation  enables  the  counter  to  register  both 
axles  of  a  vehicle  of  114-inch  wheelbase  traveling  at 
speeds  up  to  90  miles  per  hour,  or  of  a  vehicle  of  154- 
inch  wheelbase  traveling  at  speeds  up  to  122  miles  per 
hour.  The  wheelbase  of  114  inches  is  the  average  for 
15  of  the  most  popular  makes  of  cars  having  wheelbases 
of  less  than  120  inches.  The  154-inch  wheelbase  is  the 
maximum  for  domestic  makes  of  passenger  cars.     Al- 
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L,  =D.C.  RELAY,     200  OHM    COIL 

L2=DC    ELECTROMAGNETIC  COUNTER,  1,300  OHM  COIL. 

C,  =  CONDENSER,  4   MFD.  450  VOLT    DC. 

C2=CONDENSER,  .25  MFD     2  50    VOLT    D.C. 

R     =RESISTOR,    500  OHM,    I  WAT  T 

B     =    B     BATTERIES,  90  VOLTS  DC    (4  -  22yV0LT.) 

B,    =45  VOLT    LEAD      B2  =  67j    TO  90  VOLT    LEAD. 

Sw=  SWITCH,  SINGLE    POLE,  SINGLE    THROW 

J     TELEPHONE    JACK. 

P     "TELEPHONE    PLUG. 

K,    =RELAY    CONTACTS. 

K2=ROAD  SWITCH    CONTACTS 

Pigure    5. — Wiring     Diagram     for     Portable     Automatic 
Traffic  Counter. 

though  the  counter,  in  most  instances,  will  not  be  called 
upon  to  register  vehicles  traveling  at  such  high  speeds, 
the  rapid  response  enables  the  counter  to  register 
practically  all  axles  of  passing  vehicles. 

The  complete  counter,  including  batteries,  pneumatic 
detector,  and  connecting  cable,  weighs  16  pounds.  The 
counting  unit  alone  weighs  12  pounds.  The  counter 
was  assembled  from  commercially  available  parts  at  a 
net  cost  of  approximately  $13  excluding  labor. 

TESTS  SHOW  PORTABLE  COUNTER  TO  BE  REMARKABLY  ACCURATE 

Once  the  problem  of  providing  a  properly  balanced 
circuit  for  the  operation  of  a  counting  unit  by  the  road 
switch  for  a  range  of  vehicle  speeds  was  solved,  the 
counter  was  taken  into  the  field  for  testing  under  actual 
operating  conditions.  The  first  tests  were  made  on 
paved  roads,  and  the  accuracy  of  the  machine  counts 
was  entirely  satisfactory.  Table  1  shows  the  results 
of  a  typical  count  made  on  a  paved  road.  The  over- 
all error  for  the  period  of  the  count  was  —1.7  percent 
or  less  than  the  usual  error  for  a  photoelectric  counter 
operating  under  the  same  conditions. 

Table  2  gives  the  results  of  a  test  made  to  compare 
the  accuracy  of  the  portable  counter  with  that  of  the 
fixed  type  photoelectric  recorder  under  identical  condi- 
tions. The  over-all  error  of  the  portable  machine  was 
+  0.3  percent,  while  that  of  the  fixed  type  was  +1.1 
percent. 

As  a  test  of  the  sensitivity  of  the  device,  a  tube  50 
feet  long  was  attached  to  the  road  switch  and  was 
installed  on  a  22-foot  roadway  so  that  the  switch  was 
28  feet  from  the  edge  of  the  pavement.  Enough  ten- 
sion was  applied  to  the  tube  to  stretch  it  to  52  feet. 
The  results  of  this  test  are  shown  in  table  3.  The 
over-all  error  for  the  period  of  the  count  was  —1.8 
percent  and  the  nearest  wheel  of  approximately  half  of 
the  vehicles  counted  was  roughly  40  feet  from  the 
diaphragm.  While  an  accurate  check  by  lanes  was 
not  made,  the  machine  appeared  to  count  as  accurately 
in  the  far  lane  as  in  the  near  one. 


Table   1. — Comparison  of  machine  counts  and  manual  counts  of 
axles  to  check  the  accuracy  of  the  portable  count/  r 


Time  (p.  m.) 

\\lcs  counted 

Error 

Manually 

By  machine 

2:07-2:12 

Number 
100 
137 
.225 
344 
254 
281 
306 
379 
266 
126 
124 
176 
2,  718 

Number 
100 
139 
220 
338 
243 
273 
302 
374 
261 
126 
122 
175 
2,673 

Percent 
0 

2:12-2:19 

+  1.5 

2:19-2:25 

—2.2 

2:25-2:38 

—  1.7 

2:38-2:49 

-4.3 

2:49-2:59     .  - 

-2  8 

2:59-3:10 

-1  3 

3:10-3:24     . 

—  1.3 

3:24-3:33 

—1.9 

3:33-3:36     ......-.....-...-...-...-.- 

0 

3:36-3:40     - -   -   - .. 

—  1.6 

3:40-3:45     .   ..     .   ...   -   

-0.  fi 

2:07-3:45 

-1.7 

Table  2. — Comparison  of  counts  made  by  both  the  fixed  and 
portable  traffic  counters  with  manual  counts  of  traffic  made  to 
check  their  accuracy 


Manual  count 

Portable  counter 

Photoelectric 
counter 

Time 
(p.m.) 

Tractor- 
truck 
semi- 
trailers 
and 
other 
3-axle 
vehicles 

Total 
num- 
ber of 
axles 

Total 
num- 
ber of 
vehi- 
cles 

Num- 
ber of 
axles 
count- 
ed 

Num- 
ber of 
vehicles 
indi- 
cated ' 

Per- 
cent- 
age of 
error  2 

Num- 
ber of 
vehicles 
count- 
ed 

Per- 
cent- 
age of 
error 

2:45-3:05 
3:05-3:15 

3:15-3:30 

3:30-3:45 
3:45-4:00 
2:45-4:00 

0 
1 
1 
2 
3 
7 

178 
95 
133 
166 
167 
739 

89 
47 
66 
82 
82 
366 

178 
90 
133 
106 
167. 
734J 

89 
45 
66 
83 
83 
367 

0 
-4.3 

0 
+1.2 
+1.2 
+0.3 

89 
47 
67 
82 
85 
370 

0 

0 
+1.5 

0 
+3.7 
+1.1 

1  Assuming  each  vehicle  has  2  axles. 

2  On  the  basis  of  vehicles  indicated. 


Table  3. — Comparison  of  machine  counts  and  manual  counts  of 
traffic,  made  to  check  the  accuracy  of  the  portable  counter  when 
the  air  switch  was  installed  28  feet  from  the  edge  of  the  pavement 


Axles  counted— 

Error 

Time  (p.  m.) 

Manually 

By  machine 

2:25  2:35             

Number 
303 
256 
449 
411 
339 
246 
381 
431 
431 
3,  247 

Number 
305 
253 
440 
409 
330 
232 
373 
424 
423 
3,189 

Percent 
+0.7 

-1. '.' 

-2.(1 

-0.5 

-2.7 

-5.7 

-2.1 

- 1.  6 

-1.9 

-1.8 

The  counter  was  also  tested  for  accuracy  in  counting 
vehicles  traveling  at  various  speeds,  and  was  found  to 
record  axles  satisfactorily  at  speeds  from  5  to  70  miles 
per  hour.  No  attempt  was  made  to  test  the  equipment 
on  the  road  beyond  this  range  of  speed,  although  labora- 
tory tests  indicate  that  the  average  car  will  be  recorded 
properly  at  speeds  as  high  as  90  miles  per  hour. 

The  "first  manual  check  made  on  the  pneumatic 
detector  and  counter  installed  on  a  gravel  road  in  the 
same  manner  as  previously  used  on  paved  roads  showed 
it  to  be  in  error  by  —21.2  percent.  General  observa- 
tions at  first  indicated  that  the  inaccuracy  resulted 
from  the  wheels  of  vehicles  passing  over  the  tube  at 
points  where  it  was  raised  above  the  roadway  because 
of  an  uneven  cross  section.  However,  when  a  test 
vehicle  was  driven  so  that  the  wheels  passed  over  the 
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tube  at  points  where  it  rested  on  the  surface  and  then 
over  points  where  the  tube  was  raised  above  the 
surface,  the  results  showed  that  the  entire  error  was 
not  attributable  to  this  single  cause.  Although  the 
error  was  less  when  the  test  vehicle  passed  over  the 
tube  at  points  where  it  rested  on  the  road,  the  error 
was  still  much  greater  than  had  been  obtained  on  paved 
roads. 

Considerable  experimenting  with  different  methods 
of  installing  the  tube  on  roads  having  different  cross 
sections  and  profiles  led  to  the  discovery  that,  where 
the  tube  was  installed  very  loosely  so  that  it  would 
conform  almost  exactly  to  the  cross  section  of  the  road, 
the  accuracy  of  the  counts  obtained  was  satisfactory. 
It  was  also  noted  that  the  longitudinal  profile  of  the 
road  appeared  to  have  more  to  do  with  the  accuracy  of 
the  count  than  had  the  cross  section.  Counts  made 
on  roads  having  uneven  longitudinal  profiles  showed 
larger  percentages  of  error  than  counts  made  on  roads 
with  smooth  profiles  and  very  irregular  cross  sections. 
For  example,  counts  made  on  a  gravel  road  having  a 
fairly  well-shaped  cross  section  but  with  a  slight  wash- 
board shape  along  the  longitudinal  axis  showed  an  error 
of  —22.7  percent,  whereas  counts  made  on  a  gravel  road 
with  a  grass-grown  strip  between  the  wheel  tracks  which 
kept  the  tube  3  or  4  inches  above  the  tracks  showed  an 
error  of  —2.8  percent.  These  results  were  obtained 
with  considerable  tension  in  the  tube.  With  the  tube 
installed  as  recommended,  the  error  was  —7.2  and  0 
percent,  respectively.  The  practice  since  these  tests 
has  been  to  install  the  tube  loosely,  taking  care  not  to 
install  it  so  loosely  that  traffic  will  whip  it  out  of  line 
sufficiently  to  produce  extra  counts  by  the  wheels  on 
one  axle  passing  over  the  tube  at  different  times. 

The  number  of  vehicles  that  may  be  counted  with 
one  set  of  batteries  is  not  definitely  known,  but  it 
appears  that  they  can  be  depended  upon  to  count  at 
least  100,000  vehicles  when  used  where  the  traffic  is 
of  such  volume  that  the  batteries  lose  their  charge 
through  use  rather  than  deterioration.  In  one  test, 
the  batteries  counted  approximately  120,000  vehicles 
over  a  period  of  5  weeks  before  it  was  necessary  to 
replace  one  of  them. 

PORTABLE  COUNTER  EASILY  AND  QUICKLY  INSTALLED 

Tests  of  the  wearing  qualities  of  tubing  installed  on 
paved  roads  indicate  that  the  different  commercial  tub- 
ings that  will  operate  the  counter  have  a  wide  range  of 
life.  The  poorest  tubing  withstood  the  passage  of  ap- 
proximately 18,000  vehicles,  while  from  accelerated 
tests  it  was  calculated  that  the  best  grade  of  tubing 
tested  would  count  three  or  four  hundred  thousand 
vehicles  before  wearing  out.  Thus  far,  in  actual  road 
tests  the  tubes  generally  have  been  cut  by  traffic. rather 
than  worn  out.  Under  average  conditions,  a  good 
grade  of  windshield  wiper  tubing  has  been  found  to 
count  between  one  and  two  hundred  thousand  vehicles 
before  failing.  These  failures  did  not  result  from  fric- 
tional  wear  or  the  effects  of  repeated  impacts,  but  rather 
from  the  tube  being  cut  or  pierced  by  small  stones  held 
in  the  tread  of  tires,  or  from  some  other  unusual  cir- 
cumstance. 

It  is  desirable  to  obtain  as  dependable  a  tube  as  pos- 
sible and  replace  it  whenever  there  is  any  reason  to 
believe  it  may  fail  in  the  near  future,  because  failure  of 
the  counter  to  operate  for  the  full  period  will  render  the 
count  up  to  the  time  of  failure  valueless,  thus  disrupting 
the  counting  schedule  as  well  as  requiring  at  least  one 
extra  trip  to  the  location  to  obtain  the  desired  informa- 


tion. This  is  not  the  case,  of  course,  should  such  a 
detector  be  used  with  a  counter  that  is  supplemented 
with  apparatus  for  periodically  recording  the  counts, 
since  the  record  would  reveal  the  period  of  satisfactory 
operation  and  the  data  for  this  period  would  be  useful. 

The  counter  has  operated  satisfactorily  under  all  of 
the  weather  conditions  to  which  it  has  been  exposed. 
It  is,  however,  necessary  to  protect  the  open  end  of  the 
tube  from  rain,  because  the  suction  resulting  from  the 
displacement  of  air  by  passing  vehicles  may  draw  water 
through  the  entire  tube  into  the  road  switch  and  cause 
faulty  counting.  Water  thus  sucked  through  the  tube 
has  also  caused  the  cement  holding  the  diaphragm  to 
fail.  This  difficulty  can  be  overcome  by  placing  the 
open  end  of  the  tube  in  a  can  similar  to  that  used  for 
housing  the  road  switch.  It  is  necessary  to  leave  a 
small  hole  in  the  can  so  that  the  effect  of  having  the 
end  of  the  tube  open  will  not  be  lost.  Other  means 
could  also  be  readily  devised. 

The  installation  of  the  pneumatic  detector  and 
counter  is  very  simple  and  can  be  accomplished  by  one 
man  in  less  than  10  minutes.  For  best  results,  the 
most  uniform  cross  section  and  profile  in  the  section  of 
highway  for  which  the  count  is  desired  should  be 
selected,  and  the  counter  placed  at  a  point  suitable  for 
locking  it  to  a  telephone  pole,  tree,  or  other  fixed  object 
to  prevent  theft  of  the  equipment.  It  is  also  advisable 
to  select  as  inconspicuous  a  place  as  possible  to  avoid 
attracting  attention  and  to  reduce  the  possibility  of 
tampering. 

The  tube  is  placed  across  the  road,  anchored  at  each 
end,  and  proper  connections  are  made  to  the  cable  con- 
necting the  road  switch  and  counter.  As  no  tests  have 
as  yet  been  made  on  the  equipment  installed  on  appre- 
ciable grades,  it  is  considered  advisable  to  install  the 
equipment  on  fairly  level  sections  of  road. 

While  this  counter  and  pneumatic  detector  have 
proved  satisfactory  under  the  limited  tests  to  which 
they  have  been  subjected,  the  counter  as  now  de- 
veloped is  not  suitable  for  all  types  of  traffic  counting 
work.  In  fact,  the  device  does  not  provide  for  the 
printing  of  subtotals  in  any  way,  and  therefore  its  use 
must  be  limited  to  those  locations  where  only  the  total 
volume  for  a  given  period  is  desired.  Moreover,  the 
detecting  unit,  as  previously  mentioned,  was  adapted 
from  the  means  successfully  used  in  recording  vehicle 
passing  movements.  In  these  passing  studies,  the  de- 
tectors were  in  place  only  while  the  studies  were  in 
progress  and,  therefore,  were  constantly  attended  and 
their  operation  could  be  continually  checked.  Any 
failures  in  their  operation  were  immediately  discovered 
and  the  detectors  repaired  or  replaced  as  necessary. 
Although  failures  were  infrequent,  and  not  once  during 
the  passing  studies  did  a  vehicle  cut  one  of  the  tubes, 
the  thin  tubes  are  believed  to  be  particularly  vulner- 
able to  steel-tired  vehicles,  which  will  be  found  in 
greater  proportion  on  secondary  roads  than  on  main 
highways. 

USE  OF  OTHER  TYPES  OF  DETECTOR  BEING  CONSIDERED 

Consideration  has  been  given  to  the  substitution  of 
a  different  type  of  detector  even  though  such  a  change 
would  require  modifications  in  the  electrical  constants 
of  the  counting  circuit.  Another  type  of  detector,  em- 
ployed by  the  Bureau  in  studies  of  the  lateral  place- 
ment of  vehicles  on  the  pavement,  has  been  considered 
as  a  substitute  for  the  pneumatic  detector,  although  its 
construction  is  more  expensive.     This  detector  is  a  so- 
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called  positive-contact  type  in  which  steel  strips, 
placed  at  the  top  and  bottom  of  a  rubber  arch,  are  held 
apart  by  the  resiliency  of  the  rubber.  The  rubber 
arch  is  encased  in  a  rubber  housing  for  protection  from 
the  weather.  As  the  wheels  of  the  passing  vehicles 
depress  the  arch  and  bring  the  steel  strips  into  contact 
with  one  another,  an  electrical  circuit  is  closed  and,  in 
turn,  a  counter  is  actuated. 

Although  this  detector  might  not  be  any  more  du- 
rable than  a  rubber  tube,  its  construction  makes  it  less 
susceptible  to  failure  resulting  from  cutting  or  abrasion. 
Even  though  a  vehicle  should  cut  through  the  rubber 
housing,  it  is  unlikely  that  the  steel  strips  would  be 
harmed.  Although  a  cut  or  fracture  might  permit  the 
entrance  of  water  which  eventually  would  short-circuit 
the  detector,  it  is  probable  that  the  trouble  would  be 
discovered  in  the  course  of  regular  inspections  before 
the  apparatus  ceased  to  function.  The  rubber  tube, 
on  the  other  hand,  would  fail  to  function  immediately 
on  being  cut  or  punctured. 

Periodic  recording  type  counter. — While  the  develop- 
ment work  completed  thus  far  has  included  only  the 
simple  accumulating  type  of  counter,  other  agencies 
have  been  working  on  the  design  and  construction  of 
portable  counters  and  have  concentrated  on  the  de- 
velopment of  devices  of  the  periodic  recording  type. 
One  of  these  counters  has  been  tested  by  the  Bureau  of 
Public  Roads  and  at  one  location  was  found  to  have  an 
error  of  —0.8  percent  in  counting  858  vehicles.  The 
detector  used  for  this  machine  consists  of  two  strips 
of  spring  steel  enclosed  in  a  rubber  casing.  These  strips 
are  forced  together  by  the  wheels  of  passing  vehicles, 
thus  closing  the  electrical  circuit  operating  the  counter. 
The  machine  is  timed  by  an  8-day  spring  clock  which 
advances  the  record  tape  and  closes  electrical  contacts, 
causing  the  machine  to  print  the  cumulative  counter 
leading  on  the  tape  once  each  hour. 

The  Texas  State  Highway  Department  has  developed 
a  portable  periodic  recording  counter  in  which  the  de- 
tecting is  accomplished  by  photoelectric  means.  Since 
power  is  derived  from  batteries,  the  counter  is  readily 
portable.  To  provide  for  recording  the  counts,  a  chea  p 
miniature  camera  using  .35  mm  film  has  been  employed. 
An  8-day  clock,  suitably  geared  to  the  winding  spool, 
moves  the  film  ahead  slowly,  and  by  closing  an  electric 
circuit  each  hour,  lights  a  small  bulb  thus  photograph- 
ing the  counter  at  regular  intervals  for  periods  up  to  a 
week.1 

The  Bureau  has  also  been  experimenting  with  photo- 
graphic means  of  recording  the  counts  as  obtained  by 
the  simple  accumulating  counter  just  described.  The 
apparatus  used  also  appears  to  offer  good  possibilities 
of  recording  the  counter  readings  cheaply  and  accu- 
rately. It  is  believed  that  periodic  recording  counters, 
particularly  when  used  in  conjunction  with  a  number 
of  counters  of  the  simple  accumulating  type,  would  be 
quite  valuable  in  the  continuing  planning  surveys  for 
determining  the  general  trends  of  traffic  flow,  and  for 
further  study  of  traffic  patterns,  particularly  on  the 
more  lightly  traveled  roads. 

At  this  early  stage  in  the  development  and  use  of 
automatic  traffic  counters,  it  is  felt  that  present  knowl- 
edge is  insufficient  to  justify  a  definite  statement  of 
the  requirements  in  the  field  of  portable  automatic 
traffic  counters.     It  is,  however,  generally  agreed  that 


1  The  November  1938  issue  of  Roads  and  Streets  carries  a  description  of  this  ma- 
chine. The  Texas  State-wide  Highway  Planning  Survey  has  also  published  a 
pamphlet  describing  the  machine  in  detail 


there  is  a  need  for  both  the  periodic  recording  and  sim- 
ple accumulating  types  of  machines.  Past  experience 
indicates  that  the  following  characteristics  are  essential 
to  a  satisfactory  periodic  recording  type  counter  pro- 
vided, of  course,  that  they  all  are  obtainable,  without 
prohibitive  initial  cost  or  equipment  too  delicate  for 
dependable  field  operation: 

1.  Continuous  operation  for  S  days  without  atten- 
tion. 

2.  Reliable  timing  with  error  no  greater  than  5 
minutes  in  24  hours. 

3.  Accurate  counting  on  both  paved  and  un paved 
roads. 

4.  Recording  of  the  cumulative  traffic  total  once 
each  hour  on  the  hour. 

5.  Installation  to  be  accomplished  by  one  man  in 
about  15  minutes. 

PRACTICABILITY    OF    USING    SIMPLE    ACCUMULATING    MACHINES 
DISCUSSED 

With  periodic  recording  machines  meeting  these  re- 
quirements operating  at  key  locations  a  number  of 
simple  accumulating  counters  could  be  placed  at  se- 
lected locations  in  the  area  under  study,  noting  the  time 
and  counter  reading  when  each  machine  was  placed  in 
operation  and  the  time  and  reading  after  the  desired 
counting  period.  These  short  counts  could  be  expanded 
by  comparison  with  the  continuous  hourly  records  ob- 
tained by  the  periodic  recording  machines.  This 
method  of  expanding  short  counts,  in  addition  to  being 
much  easier  than  methods  previously  used,  would  give 
more  reliable  results.  The  machines  might  be  moved 
every  day,  and  they  could  be  used  to  obtain  week-end 
counts  at  more  important  stations.  Another  plan 
would  be  to  assign  one  man  to  operate,  three  groups  of 
machines  so  that  he  could  move  each  group  after  a 
week's  record  had  been  obtained.  Under  this  schedule 
he  would  remove  machines  in  a  single  group  one  day 
and  reinstall  them  at  new  locations  the  next  day. 

For  purposes  of  determining  the  hourly  fluctuations 
in  traffic  volume,  the  simple  accumulating  type  of  ma- 
chine is,  of  course,  not  practicable.  However,  the  daily 
traffic  patterns  can  be  determined  with  these  machines 
if  the  accumulated  totals  on  the  counters  are  read  at 
24-hour  intervals.  Under  certain  circumstances  such 
a  procedure  would  be  entirely  practicable,  but  if  it 
becomes  necessary  in  conducting  any  series  of  counts 
to  locate  the  machines  at  some  distance  from  one 
another,  it  may  be  difficult  to  arrange  an  observer's 
schedule  so  that  he  can  read  each  counter  within  a 
few  minutes  of  the  specified  time  each  day.  All  these 
difficulties  are,  of  course,  eliminated  with  the  use  of 
the  periodic  recording  counter  since  hourly  readings  of 
the  counter  will  be  recorded  from  the  time  the  counting- 
unit  is  installed.  But  if  only  the  total  volume  figures 
for  relatively  long  periods,  such  as  a  full  week,  are 
required,  the  simple  accumulating  counter  would  be 
quite  satisfactory. 

The  most  appropriate  type  of  machine  to  use  for  a 
particular  purpose  depends  on  the  type  of  information 
required  and  on  the  relative  cost  of  the  different  types 
of  machines  under  the  particular  circumstances  in- 
volved. Although  the  periodic  recording  type  of  ma- 
chine may  have  a  considerably  higher  initial  cost  and 
perhaps  even  a  higher  operating  cost,  these  items  may 
be  more  than  offset  by  the  expense  involved  in  reading 
the  simple  accumulating  counters  at  the  required  inter- 
vals.    Only  by  experience  in   the  field  with  the   two 
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types  and  thorough  tests  to  determine  the  length  of  life 
over  which  each  may  be  expected  to  operate  effectively 
can  reasonable  unit  cost  be  determined.  Preliminary 
estimates,  using  assumed  unit  costs,  indicate  that  to 
meet  the  most  probable  requirements  of  the  continuing 
phases  of  the  highway  planning  surveys,  the  periodic 
recording  type  machine  may  be  cheaper  to  operate  even 
at  a  considerable  differential  in  original  cost  over  that 
of  the  simple  accumulating  counter.  The  factor  of 
mileage  traveled  in  the  use  of  the  two  types  will  prob- 
ably be  the  most  significant  factor  in  the  total  cost  of 
operation  and,  therefore,  it  is  likely  that  the  relative 
economies  will  differ  in  the  various  States  with  the 
wide  differences  in  average  distance  between  station 
locations  which  local  conditions  will  require. 

MODIFICATIONS    OF    SIMPLE    ACCUMULATING   TYPE    COUNTER 
SUGGESTED 

Modified  simple  accumulating  type  counter. — Thus  far, 
consideration  has  been  given  to  but  two  types  of 
counters  and  to  their  relative  merits  for  use  in  the  con- 
tinuation of  the  highway  planning  surveys.  However, 
the  estimated  high  initial  cost  of  an  hourly  recording 
counter  has  led  to  the  consideration  of  special-purpose 
machines  of  simpler  design.  Preliminary  work  already 
begun  on  these  counters  indicates  that  they  may  be, 
under  many  circumstances,  more  efficient  than  either  of 
the  other  types.  An  intermediate  type  between  the 
periodic  recording  and  the  simple  accumulating  types 
is  a  counter  that  may  be  started  and  stopped  at  pre- 
determined times.  A  device  to  obtain  this  type  of 
count  can  readily  be  attached  to  the  simple  accumu- 
lating counter  by  inserting,  in  the  detector  circuit,  a 
clock  mechanism  wired  to  make  and  break  the  circuit. 

The  Bureau  is  now  investigating  available  devices, 
to  determine  whether  any  will  satisfactorily  fulfill  this 
purpose,  and  is  considering  experimenting  in  the 
development  of  such  a  device  in  its  own  shop.  With  an 
attachment  of  this  sort,  it  would  be  possible  to  install  a 
counter,  for  example,  in  the  afternoon,  have  the  count 
begin  at  midnight,  and  continue  for  a  given  number  of 
hours  or  days  depending  upon  the  design  of  the  mecha- 
nism and  the  requirements  of  the  count.  Such  an 
attachment  should  be  reasonable  in  price  and  so  designed 
that  it  can  be  employed,  if  desired,  with  any  simple 
accumulating  counter.  By  designing  the  counters  and 
the  time-control  mechanisms  as  independent  units,  the 
use  of  several  counters  with  a  smaller  number  of  timing 
devices  would  permit  the  adoption  of  extremely  flexible 
counting  schedules,  and  reduce  to  a  minimum  the  cost 
of  travel  and  labor  in  collecting  large  amounts  of 
usable  data. 

The  simple  accumulating  type  of  portable  counter 
could  be  modified  by  the  use  in  a  single  counter  of  not 
one  but  several  of  the  electromagnetic  counting  devices. 
By  attaching  the  time-control  mechanism,  modified 
somewhat  in  its  operation,  to  this  counting  unit  the 
volumes  for  successive  periods  would  be  registered  on 
successive  counters.  Instead  of  stopping  the  count 
after  24  hours,  the  time-control  device  would  simply 
shift  the  circuit  from  one  counting  device  to  the  next, 
and  so  on,  until  the  cycle  was  completed.  Use  of  eight 
counting  devices  in  one  counter  would  be  advantageous 
in  that  an  8-day  spring-clock  mechanism  could  be  em- 
ployed in  conjunction  with  them  to  provide  an  effective 
complete  unit. 

At  least  two  variations  in  the  use  of  this  8-bank 
counter    and    time-control    combination    are    possible. 


First,  the  time  interval  may  be  varied  by  certain 
modifications  of  the  timing  mechanism  circuits  to 
permit  the  accumulation  of  volumes  during  periods 
other  than  of  24  hours.  Twelve-hour  or  6-hour  periods 
can  be  readily  obtained  in  this  way,  and  by  a  somewhat 
greater  modification  of  the  device,  1-hour  periods  might 
also  be  separately  registered.  Eight  counters  would 
thus  permit  records  by  12-hour  periods  for  4  days,  by 
6-hour  periods  for  2  days,  or  1-hour  periods  for  8  hours 
(the  present  generally  used  counting  period  for  manual 
counts). 

The  second  modification  of  this  combination  would 
permit  the  accumulating,  on  individual  counting 
devices,  of  the  total  volume  during  corresponding 
periods  on  successive  days.  In  this  manner,  the  volume 
count  would  be  accumulated  for  the  desired  periods  for 
any  number  of  days  up  to  8,  assuming  an  8-day  spring 
clock  is  used.  Such  volume  figures  have  not  been 
generally  utilized,  but  their  value  for  control  purposes  is 
obvious. 

With  all  the  counters  thus  far  described,  it  has  been 
possible  to  count  or  to  record  only  the  total  traffic  using 
the  roadway.  Furthermore,  these  machines,  as  well  as 
the  photoelectric  type  now  in  general  use,  are  poorly 
adapted  to  counting  traffic  on  roads  greater  than  two 
lanes  in  width.  Although,  with  the  pneumatic  detector, 
vehicles  in  two  lanes  moving  in  the  same  direction  have 
been  counted  with  reasonable  accuracy  in  light  traffic, 
there  is  reason  to  believe  that  considerable  error  may 
be  introduced  by  vehicles  crossing  the  tube  simul- 
taneously under  heavy  traffic  conditions  on  multilane 
roads. 

This  source  of  error  may  be  eliminated  by  utilizing 
the  positive-contact  detector  previously  mentioned. 
For  this  purpose,  however,  but  one  of  the  steel  strips 
would  be  continuous  over  the  entire  length  of  the 
detector.  The  other  would  be  broken  into  sections  and 
leads  from  each  section  taken  to  an  individual  counter, 
using  one  section  and,  correspondingly,  one  counter  for 
each  lane  of  traffic.  A  combination  of  this  type, 
therefore,  suggests  a  further  use  for  a  counting  unit 
containing  a  bank  of  counters. 

Although  lane  counts  have  not  generally  been  made 
in  conjunction  with  the  highway  planning  surveys,  it  is 
considered  desirable,  particularly  in  the  determination 
of  proper  widths  of  multilane  highways,  to  have  an 
accurate  knowledge  of  the  direction  of  traffic  flow  as 
well  as  of  its  total  volume.  This  detecting  and  count- 
ing unit  would  also  be  ideally  adapted  to  city  traffic 
survey  work  where  directional  flow  and  the  volume  per 
lane  are  essential  in  the  design  of  traffic  control  methods 
and  in  general  traffic  regulation. 

The  need  for  portable  automatic  traffic  counters  has 
long  been  felt,  not  only  by  State  and  Federal  highway 
officials,  but  also  by  city  traffic  officials  and  by  various 
commercial  agencies  to  whom  a  knowledge  of  traffic 
volume  is  essential.  In  practically  all  instances  the 
demand  has  been  evidenced  by  attempts  to  design 
equipment  capable  of  performing  the  types  of  traffic 
counts  now  generally  conducted  by  manual  methods. 
However,  a  factor  which  should  always  be  kept  in  mind 
in  considering  the  design  of  traffic  counters  is  that  it  is 
entirely  possible  that  many  types  of  counts,  previously 
impossible  or  impractical  by  manual  methods,  may  be 
quite  readily  accomplished  by  properly  designed 
automatic  counters.  It  is,  therefore,  essential  in  the 
design  of  counting  mechanisms  that  the  instrument 
designer  work  in   close  coordination  with  the   traffic 
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engineer  in  order  that  equipment  developed  will  possess 
the  greatest  possible  flexibility.  Similarly,  the  traffic 
engineer  is  remiss  if,  in  his  design  of  counting  schedules, 
he  fails  to  avail  himself  of  the  possible  advantages  of 
flexibly  designed  automatic  devices. 

In  describing  the  development  work  to  date,  it  is 
desired  only  to  present  a  progress  report  and  to  make 
suggestions  that  may  assist  in  continuing  development- 
work  to  provide  devices  most  suitable  to  their  individual 
requirements. 


( Continued  from  page  212) 

It  is  only  by  analysis  of  the  normal  driving  practices, 
as  they  are  recorded  for  a  wide  variety  of  driving  condi- 
tions, that  it  will  be  possible  to  determine  whether  the 
problem  is  one  presented  by  the  average  driver,  or 
whether  present  highway  design  practices  are  creating 
entirely  unnecessary  problems,  either  impossible  or  ex- 
tremely difficult  of  solution.  It  is  this  phase  of  the 
problem  to  which  the  greatest  attention  must  be  di- 
rected. Determination  of  the  distances  involved  in 
passing  maneuvers  is  a  simple,  even  though  laborious, 
matter.  The  determination  of  the  effect  of  highway 
alinement  and  of  driver  psychology  upon  future  design 
requirements  is  a  matter  requiring  far  more  comprehen- 
sive research. 

Although  this  report  has  been  devoted  to  the  methods- 
employed  in  the  analysis  of  passing  practices,  it  will  be 
evident  that  the  data  collected  in  these  field  studies 


will  permit  of  a  variety  of  analyses  quite  distinct,  from 
this  one,  rather  narrow,  use.  The  advantage  of  this 
procedure,  particularly  with  respect  to  the  field  work, 
is  that  the  actual  occurrences  on  the  entire  section  under 
observation  have  been  recorded  completely  and  con- 
tinuously throughout  the  study  periods  in  a  permanent 
and  easily  interpreted  form.  Further  analysis  can  be 
conducted  simply  by  referring  to  the  original  field 
charts,  or  to  the  transcribed  records. 

BIBLIOGRAPHY  ON  HIGHWAY  FINANCE  NOW 
AVAILABLE 

A  bibliography  on  highway  finance  has  recently  been 
prepared  by  the  Bureau  of  Public  Roads  of  the  United 
States  Department  of  Agriculture  and  mimeographed 
copies  are  now  available  for  free  distribution. 

The  bibliography  is  selective  in  character  and  includes 
references  to  books,  articles  printed  in  technical  and 
other  periodicals,  and  publications  of  societies.  It 
covers  chiefly  the  period  from  1928  to  date,  but  in- 
cludes references  to  earlier  material  published  by  the 
Bureau  of  Public  Roads. 

Librarians,  students,  and  research  workers  will  find 
the  bibliography  a  valuable  aid  in  locating  published 
material  on  highway  finance. 

Single  copies  of  the  bibliography  can  be  obtained, 
without  charge,  from  the  Bureau  of  Public  Roads, 
United  States  Department  of  Agriculture,  Wash- 
ington, D.  C. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report   of   the   Chief   of   the   Bureau   of   Public   Roads,   1931. 

10  cents. 
Report   of   the  Chief   of   the   Bureau   of   Public   Roads,   1933. 

5  cents. 
Report  of   the   Chief   of   the   Bureau   of   Public   Roads,   1934. 

10  cents. 
Report   of   the   Chief   of   the   Bureau   of   Public    Roads,   1935. 

5  cents. 
Report   of   the   Chief   of    the   Bureau   of   Public   Roads,   1936. 

10  cents. 
Report   of   the   Chief   of   the   Bureau   of   Public   Roads,    1937. 

10  cents. 
Report   of   the   Chief  of  the   Bureau  of   Public   Roads,    1938. 

l0  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1 


Part  2  . 

Part  3  . 

Part  4  . 
Part  5  . 

Part  6  . 


Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.      15  cents. 

Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.      10  cents. 

Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.      10  cents. 

Official  Inspection  of  Vehicles.      10  cents. 

Case   Histories   of   Fatal   Highway   Accidents. 

10  cents. 
The  Accident-Prone  Driver.      10  cents. 


MISCELLANEOUS  PUBLICATIONS 

No.  76MP..The  Results  of  Physical  Tests  of  Road-Building 
Rock.     10  cents. 

No.  191  MP  .  .  Roadside  Improvement.     10  cents. 

No.  272MP  .  .  Construction  of  Private  Driveways.      10  cents. 

No.  279MP  .  .  Bibliography  on  Highway  Lighting.     5  cents. 

Highway  Accidents.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Guides  to  Traffic  Safety.      10  cents. 

Federal   Legislation   and   Rules   and    Regulations   Relating   to 
Highway  Construction.     15  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.     15  cents. 

Highway  Bond  Calculations.     10  cents. 


DEPARTMENT  BULLETINS 

No.  1279D.    Rural   Highway   Mileage,    Income,   and    Expendi- 
tures, 1921  and  1922.     15  cents. 

No.  1486D.    Highway  Bridge  Location.      15  cents. 

TECHNICAL  BULLETINS 

No.    55T.  .  .Highway  Bridge  Surveys.     20  cents. 

No.  265T .  .  .  Electrical      Equipment      on      Movable      Bridges. 
35  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.  .  .  .Bibliography  on  Highway  Safety. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y.  .Road    Work   on    Farm   Outlets    Needs    Skill   and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a  Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registra- 
tion, Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.— Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act    V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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PRELIMINARY  RESULTS  OF  HIGHWAY 

CAPACITY  STUDIES 

Reported  by  O.  K.  NORMANN,  Associate  Highway  Economist,  Bureau  of  Public  Roads 

DURING  the  last  few  years  many  miles  of  highway 
have  been  reconstructed  or  replaced,  not  because 
they  failed  structurally,  but  because  they  became 
obsolete  through  inability  to  permit  the  present  vol- 
umes of  traffic  to  move  at  reasonable  speeds  and  with 
freedom  from  interference  between  vehicles.  State- 
wide highway  planning  surveys  now  being  conducted  in 
46  States  will  furnish  highway  engineers  with  more 
accurate  traffic  volume  figures  and  future  traffic  esti- 
mates than  they  have  had  in  the  past,  but  to  make  the 
best  possible  use  of  this  information  the  capacity  of 
various  surface  widths  and  types  of  design  and  aline- 
ment  must  be  known. 

Many  attempts  have  been  made  to  determine  high- 
way capacities  by  both  theoretical  formulas  and  held 
observations.  In  general  the  theoretical  derivations, 
obtained  by  assuming  that  all  vehicles  travel  at  the 
same  speed,  have  resulted  in  extremely  high  and  im- 
practical volumes.  The  field  observations  have  either 
been  too  limited  or  lacking  in  essential  data,  such  as 
the  speeds  at  which  the  individual  vehicles  were 
traveling,  to  yield  accurate  and  conclusive  results. 

Realizing  that  a  large  quantity  of  detailed  data  would 
be  required  before  the  relative  capacities  of  highways  of 
various  widths  and  alinements  could  be  determined,  the 
Bureau  of  Public  Roads  conducted  a  number  of  capacity 
studies  on  some  of  the  most  heavily  traveled  rural 
highways  in  New  York  and  New  England  during  the 
summers  of  1934  and  1935,  and  cooperated  with  the 
Illinois  Division  of  Highways  in  a  similar  study  in 
Illinois  during  1937. 

At  all  study  locations  the  time  that  each  vehicle 
entered  and  left  a  section  of  highway  %  mile  long  was 
entered  on  a  graphic  time-recorder  (see  fig.  1)  and  each 
vehicle  was  classified  as  a  passenger  car,  bus,  or  truck. 
Each  truck  was  further  classified  as  a  light,  medium,  or 
heavy  truck,  truck  and  full  trailer,  or  truck  and  semi- 
trailer. It  was  possible  to  obtain  from  these  basic  data 
the  speed  of  each  vehicle,  its  time  or  distance  spacings, 
from  other  vehicles,  and  the  exact  volume  of  traffic  in 
each  direction  during  any  desired  time  period.  The 
studies  were  conducted  for  approximately  8  hours  each 
day,  starting  while  traffic  was  light  and  continuing 
through  the  heaviest  volumes.  This  gave  a  range  in 
traffic  density  at  each  location. 

Data  for  a  total  of  over  300,000  vehicles  with  volumes 
as  high  as  3,400  per  hour  in  one  direction  on  a  four-lane 
road  were  recorded  during  the  studies.  The  majority 
of  the  sections  were  level  tangents  on  rural  highways. 
Although  300,000  vehicles  may  seem  to  be  a  large 
sample,  it  is  not  to  be  expected  that  the  data  will  yield 
answers  to  all  highway  capacity  problems.  However,  a 
few  significant  traffic  characteristics  have  been  developed 
by  the  analyses  thus  far  completed.  The  purpose  of 
this  report  is  to  present  a  few  typical  results. 

Figure  2  shows  the  tabulating  machine  card  used  for 
the  Illinois  study  and  illustrates  the  data  that  are 
obtained  for  each  vehicle  passing  through  the  study 
sections.  Entries  in  the  columns  headed  "time  at 
center"  enable  the  cards  to  be  sorted  into  any  time 
period  group  desired. 
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-Graphic  Recorder  Used  in  Highway 
Capacity  Study. 
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MAXIMUM  TRAFFIC  VOLUME  WHEN  ALL  VEHICLES  TRAVEL 
33  MILES  PER  HOUR 

The  theoretical  maximum  capacity  of  a  traffic  lane 
for  various  vehicle  speeds  was  first  determined  for  one 
location  by  a  method  similar  to  that  used  in  many  of  the 
theoretical  derivations,  but  instead  of  using  a  calculated 
uniform  spacing  between  vehicles,  the  actual  spacings 
obtained  by  the  study  were  used.  Of  the  8,500  vehicles 
recorded  at  this  location,  2,055  were  traveling  at  the 
same  speed  as  the  preceding  vehicle  and  were  not 
passed  or  did  not  pass  another  vehicle  while  in  the 
section.  By  classifying  these  vehicles  into  speed  groups, 
the  modal  spacing  for  each  group  was  determined 
mathematically  and  checked  by  constructing  a  curve 
showing  the  frequency  distribution  of  spacings  for  each 
speed.  Figure  3  shows  the  frequency  distribution  of 
spacings  for  the  31-mile-per-hour  group. 

The  modal  spacings  for  all  speed  groups  are  shown  in 
figure  4.  At  speeds  greater  than  20  miles  per  hour 
there  was  very  little  difference  in  the  time  spacing 
allowed  by  the  driver  hi  the  majority  of  cases  between 
Ms  vehicle  and  the  vehicle  ahead  when  both  were 
traveling  at  the  same  speed. 

The  distance  spacings  as  shown  in  the  lower  curve  of 
figure  5  are  readily  computed  from  the  time  spacings. 
The  upper  curve  was  constructed  by  using  the  average 
spacings  for  all  vehicles  spaced  at  less  than  4  seconds. 
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Figure  2. — Tabulating  Machine  Card  Used  in  Analyzing  Data  Collected  in  Highway  Capacity  Studies. 
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SPACING  BETWEEN  VEHICLES  -  5EC0N0S  (CENTER  TO  CENTER) 

Figure  3. — Frequency  Distribution  of  Spacings  Between 
Vehicles  Traveling  31  Miles  Per  Hour  Preceded  by 
Vehicles  Traveling  at  the  Same  Speed.  Section  3-J, 
2-1. ane  Tangent. 

It  was  assumed  that  a  car  traveling"  at  a  spacing  greater 
than  4  seconds  was  not  traveling  at  the  minimum  spac- 
ing but  just  happened  to  be  going  at  the  same  speed  as 
the  preceding  vehicle.  These  two  curves,  therefore, 
represent  the  distance  spacings  that  the  average  driver 
allows  between  his  vehicle  and  the  vehicle  just  ahead 
when  following  at  the  same  speed,  and  the  distance 
allowed  by  the  largest  group  of  drivers  under  the  same 
conditions. 

It  is  of  interest  to  know  what  percentage  of  these 
vehicles  could  have  stopped  without  hitting  the  pre- 
ceding vehicle  had  it-  suddenly  stopped.  If  it  is  assumed 
that  the  brakes  on  the  following  vehicles  were  as  good 
as  those  on  the  leading  vehicles  and  that  a  ^-second 
reaction  time  would  be  required,  4.4  percent  of  the 
vehicles  could  not  have  avoided  rear-end  collisions. 
This  figure  increases  to  28  percent  for  a  1 -second 
reaction  time,  and  to  50.5  percent  when  1.5  seconds  is 
allowed  for  a  combined  perception  and  reaction  time. 

Although  the  possibility  of  the  leading  vehicle  stop- 
ping almost  instantaneously,  as  in  the  event  of  a  head-on 
collision,  is  rather  remote,  the  drivers  of  77.3  percent  of 
I  he  vehicles  could  not  have  stopped  in  time  to  avoid  a 
rear-end  collision  or  the  necessity  of  swerving  to  the 
shoulder  or  ditch  had  they  suddenly  been  confronted 
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Figure  4. — Modal  Spacing  in  Seconds  Between  Vehicles 
Traveling  at  the  Same  Speed.  Section  3-J,  2-Lane 
Tangent. 

with  such  a  condition.  This  assumes  a  ^-second  re- 
action time,  four-wheel  brakes  in  perfect  order,  and  the 
most  nonskid  type  of  road  surface.  These  figures 
illustrate  one  reason  why  more  than  two  vehicles  are  so 
often  involved  in  one  accident. 

Using  the  values  shown  in  figure  5,  figure  6  was  con- 
structed to  show  the  theoretical  maximum  number  of 
vehicles  per  hour  that  one  traffic  lane  will  accommodate 
at  various  speeds  if  all  vehicles  travel  the  same  speed. 
The  maximum  volume  occurs  at  a  vehicle  speed  of  33 
miles  per  hour  and  does  not  vary  more  than  20  percent 
from  this  volume  for  any  speed  between  20  and  50 
miles  per  hour. 
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Figure  5. —  Minimum  Average  Spacing  in  Feet  Between 
Vehicles  Traveling  at  the  Same  Speed.  Section  3-J, 
2-Lane  Tangent. 

Similar  curves  could  be  constructed  for  other  sections 
of  highway  having  various  designs,  but  would  be  of 
doubtful  value.  They  would  hold  true  only  in  instances 
where  all  vehicles  were  required  to  move  at  the  same 
speed — none  could  go  faster  or  slower  than  the  vehicle 
ahead  and  there  could  be  no  passing  or  interruptions  of 
any  kind.  Such  uniformity  would  be  practically  impos- 
sible to  attain  except  in  rare  instances  such  as  through 
tunnels  or  over  long  bridges  where  strict  control  would 
be  possible,  but  certainly  not  on  rural  highways.  A 
practical  working  capacity  that  will  permit  a  reasonable 
range  of  speeds  and  a  reasonable  amount  of  freedom 
from  interference  between  vehicles  must,  therefore,  be 
determined.  It  would  not  even  be  justifiable  to  assume 
that  volumes  for  practical  working  capacities  at  various 
average  speeds  will  be  proportional  to  the  volumes  shown 
on  the  curves  developed  by  the  method  illustrated. 

Many  of  the  available  articles  on  lughway  capacity 
indicate  that  as  the  volume  of  traffic  increases,  a  point 
will  be  reached  beyond  which  the  average  speed  of  the 
vehicles  will  decrease.  Some  indicate  that  there  will  be 
a  sudden  and  appreciable  drop  in  the  speed.  The 
majority  of  present  definitions  for  maximum  capacity, 
working  capacity,  practical  working  capacity,  and  the 
beginning  of  congestion,  are  based  on  the  assumption 
that  such  a  point  does  exist.  To  determine  if  there  is 
such  a  point,  separate  curves  were  made  using  data 
collected  at  each  of  the  35  locations  by  plotting  the 
average  speed  for  various  volumes  of  traffic.  Data  for 
about  180,000  vehicles  were  grouped  in  100-vehicle 
groups,  15-minute  groups,  and  1 -hour  groups,  and  these 
were  used  together  with  both  the  total  and  one  direc- 
tional volumes.  In  most  instances  there  was  a  gradual 
decrease  in  average  speed  with  an  increase  in  volume. 
A  number  of  locations  showed  a  relatively  high  rate  of 
decrease  in  speed  at  the  high  volumes,  but  several 
showed  a  relatively  low  rate  of  decrease  at  the  high 
volumes.  The  traffic  volumes  and  densities  at  these 
locations  varied  from  values  below  to  values  well  above 
those  that  are  definitely  known  to  be  in  excess  of  rea- 
sonable working  capacities  for  rural  highways,  yet  none 
of  the  curves  showed  a  sudden  or  marked  decrease  in 
speed  at  any  particular  traffic  volume  or  density.  The 
individual  points  for  groups  of  vehicles  in  similar  vol- 
umes were  scattered  over  a  relatively  wide  range  of 
speeds,  although  the  averages  for  groups  within  a  limited 
volume  range  formed  fairly  uniform  curves. 
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Figure  6. — Theoretical  Maximum  Traffic  Volume  With  all 
Vehicles  Traveling  at  the  Same  Speed.  Section  3-J, 
2-Lane  Tangent. 

average  speed  difference  used  as  an  index  of  traffic 
congestion 

Speed-volume  or  speed-density  curves  for  traffic  at 
various  locations  do  not  give  a  basis  for  determining 
either  absolute  or  relative  values  for  the  capacities  of 
highways  or  amount  of  interference  between  vehicles. 
It  cannot  be  assumed  that  the  interference  between 
vehicles  increased  only  30  percent  merely  because  the 
average  speed  dropped  30  percent  with  an  increase  in 
volume  from  400  to  1,400  vehicles  per  hour  at  one 
location. 

It  is  apparent  that  a  measure  other  than  average 
vehicle  speed  alone  must  be  used  to  determine  the 
working  capacities  of  highways.  Were  it  possible  and 
practical  to  measure  the  physical,  mental,  and  nervous 
energy  used  by  the  average  driver  per  mile,  when 
traveling  in  various  volumes  of  traffic,  this  would  be 
an  ideal  index  for  determining  working  capacities.  As 
this  method  has  not  been  found  practical,  a  search  for 
another  index  obtainable  from  available  data  was  made. 

Curves  were  drawn  showing  the  standard  deviation 
from  the  average  speed,  the  standard  deviation  of  the 
differences  in  speed  from  the  preceding  vehicle,  and  the 
actual  number  of  passings  made  within  a  given  length 
of  highway.  The  most  significant  index  found  to  meas- 
ure the  relative  interference  between  vehicles  on  rural 
highways  was  the  mean  or  average  difference  in  speed 
between  successive  vehicles. 

With  light  traffic  on  a  rural  highway,  the  speed  of 
each  individual  vehicle  is  not  governed  by  the  speed  of 
the  vehicle  immediately  ahead,  and  there  is  a  relatively 
high  mean  difference  in  speed  between  successive 
vehicles.  As  the  volume  increases,  there  is  an  increas- 
ing tendency  for  the  speed  of  the  individual  vehicles  to 
be  governed  by  the  speed  of  the  preceding  vehicles. 
This  causes  a  marked  decrease  in  the  mean  difference 
in  speed  between  successive  vehicles,  although  the 
decrease  in  average  speed  may  be  slight. 

To  illustrate  how  the  index  may  be  used  as  a  measure 
of  the  relative  interference  between  vehicles,  figure  7 
was  constructed  from  the  data  for  one  section  of  a  two- 
lane  highway.  The  individual  vehicles  were  classified 
into  groups  as  determined  by  the  spacing  in  seconds 
from  the  preceding  vehicle.  The  average  speed  and  the 
mean  difference  in  speed  between  successive  vehicles 
were  then  obtained  for  each  group.  This  figure  indi- 
cates: (1)  That  operators  of  vehicles  at  or  above  a  time 
spacing  of  9  seconds  from  the  preceding  vehicles  were 
not  influenced  by  the  speed  of  the  preceding  vehicle; 
(2)  at  spacings  below  9  seconds  some  of  the  operators 
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Figure  7. — Speed  Characteristics  of  Vehicles  Traveling 
at  Given  Time  Spacings  Behind  Preceding  Vehicles. 
Section  3-J,  2-Lane  Tangent. 
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Figure  8. — Speed  Characteristics  of  Vehicles  Traveling 
at  Gi\en  Distance  Spacings  Behind  Preceding  Vehicles. 
Section  3-J,  2-Lane  Tangent. 

were  influenced  by  the  speed  of  the  preceding  vehicles; 
and  (3)  at  a  spacing  of  \%  seconds,  a  large  majority  of 
the  drivers  were  influenced  by  the  speed  of  the  preceding 
vehicle.  The  increase  in  the  average  speed  and  differ- 
ence in  speed  for  spacings  below  1%  seconds  was 
undoubtedly  caused  by  vehicles  passing  one  another. 

Similar  curves  were  constructed  using  only  the  vehi- 
cles traveling  as  fast  or  faster  than  the  preceding  vehi- 
cle. Except  that  the  speed  curve  was  about  2  miles 
per  hour  higher  for  values  above  9  seconds,  the  curves 
were  identical  with  those  of  figure  7. 

Figure  8  was  constructed  in  the  same  manner  as  fig- 
ure 7,  except  that  distance  spacing  groups  were  used 
instead  of  time  spacing  groups.  The  same  general  char- 
acteristics are  evident.  Although  the  traffic  speed 
curves  are  considerably  higher  for  some  locations  than 
for  others,  the  break  in  the  curves  occurs  consistently 
at  about  9  seconds  when  time  spacings  are  used  but 
varies  widely  for  the  distance  spacing  curves.  This 
indicates  that  the  average  driver  starts  to  be  influenced 
by  the  speed  of  the  preceding  vehicle  at  a  fairly  constant 
time  spacing  or  at  a  distance  spacing  that  varies  with 
his  speed. 

On  a  two-lane  highway,  the  average  vehicle  spacing 
is  9  seconds  with  400  vehicles  per  hour  in  each  direc- 
tion. There  would  be  no  interference  between  vehicles 
at  this  volume  if  all  vehicles  were  uniformly  spaced 
and  traveled  at  the  same  speed.  Because  of  the  large 
variation  in  individual  vehicle  speeds,  the  time  spac- 
ings between  vehicles  are  continually  changing  so  that 
even  with  traffic  volumes  considerably  lower  than  400 
vehicles  per  hour,  a  large  percentage  of  the  vehicles 
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Figure  9. — Mean  Difference  in  Speed  Between  Successive 
Vehicles  for  Various  Volumes  of  Traffic.  Section  3-J, 
2-Lane  Tangent. 
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Figure  10. — Mean  Difference  in  Speed  Between  Succes- 
sive Vehicles  With  Various  Volumes  of  Traffic. 
Section  3-J,  2-Lane  Tangent. 

travel  at  spacings  much  shorter  than  9  seconds.  The 
percentage  of  vehicles  traveling  at  the  shorter  time  spac- 
ings will  obviously  increase  with  an  increase  in  volume. 

By  plotting  the  mean  difference  in  speed  for  indi- 
vidual time  period  groups  against  the  volume  of  traffic, 
a  large  scattering  of  points  for  each  location  was  ob- 
tained as  illustrated  by  figure  9.  Some  factor  other 
than  the  volume  of  traffic  in  one  direction  evidently 
causes  the  large  scattering  of  points. 

A  similar  scattering  occurs  when  total  traffic  volumes 
are  used,  but  by  applying  multiple  correlation  to  the 
data,  using  the  mean  difference  in  speed  as  the  depend- 
ent variable  and  the  volume  of  traffic  in  one  direction 
together  with  the  volume  of  traffic  in  the  other  direc- 
tion as  the  two  independent  variables,  the  equation 
shown  in  figure  10  was  developed.  The  series  of  lines 
obtained  by  solving  the  equation  accounts  for  the  wide 
scattering  of  points  in  figure  9.  It  is  possible  that  a 
slightly  curved  series  of  lines  would  fit  the  points  bet- 
ter and  result  in  a  slightly  higher  coefficient  of  correla- 
tion, but  the  coefficient  of  —0.812  indicates  that  the 
straight-line  equation  is  highly  significant  within  the 
range  of  values  covered  by  the  data. 

To  illustrate  how  figure  10  may  be  used  in  determin- 
ing the  relative  interference  between  vehicles  at  vari- 
ous traffic  volumes,  assume  that  the  volume  of  traffic 
traveling  in  one  direction  on  this  two-lane  tangent  is 
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200  vehicles  per  hour.  If  the  opposing  traffic  is  700 
vehicles  per  hour,  the  200  vehicles  will  have  the  same 
freedom  as  a  traffic  volume  of  500  per  hour  with  an 
opposing  traffic  volume  of  300  per  hour. 

MAXIMUM  HOURLY  CAPACITIES  COMPUTED  FOR  VARIOUS 
HIGHWAYS 

The  maximum  number  of  vehicles  per  hour  that  can 
travel  over  this  two-lane  tangent  before  all  vehicles 
must  start  traveling  at  the  same  speed  as  the  preced- 
ing vehicle  and  the  drivers  have  no  individual  freedom, 
is  1,980  per  hour  with  all  traffic  in  one  direction,  and 
1,100  in  each  direction  with  balanced  traffic  (see  fig. 
10).  Should  it  be  desired  to  limit  the  working  capacity 
to  the  volume  at  which  the  freedom  of  the  average  vehi- 
cle would  not  be  restricted  more  than  30  percent  of  the 
difference  between  the  restriction  with  practically  no 
other  traffic  on  the  road,  and  the  restriction  when  all 
vehicles  are  required  to  travel  at  the  same  speed,  the 
hourly  traffic  volume  could  not  exceed  600  vehicles 
with  substantially  all  traffic  in  one  direction,  or  330 
vehicles  in  each  direction. 
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Figure  11. — Average  Speed  With  Various  Volumes  of 
Traffic.     Section  3-J,  2-Lane  Tangent. 

By  correlating  the  speed  of  the  vehicles  with  the 
volumes  of  traffic  in  the  same  and  opposing  directions, 
a  coefficient  of  correlation  of  —0.877  was  obtained  for 
the  equation  shown  in  figure  1 1  and  represented  by  the 
series  of  lines.  It  is  obvious  that  the  relationship  will 
not  hold  true  for  values  below  the  dashed  line  indicat- 
ing the  traffic  volumes  at  which  all  vehicles  must  travel 
at  the  same  speed  according  to  figure  10.  For  values 
below  this  dashed  line,  one  slow-moving  vehicle  could 
prevent  all  following  vehicles  from  traveling  faster  than 
its  speed.  In  determining  practical  working  capacities, 
only  traffic  volumes  lower  than  the  values  at  which 
such  a  condition  exists  need  be  considered. 

The  same  type  of  curves  as  those  presented  for  this 
two-lane  highway  were  constructed  for  a  number  of 
other  sections  of  highway.  To  illustrate  and  compare  a 
few  of  the  results,  figure  12  has  been  constructed  using 
only  the  values  representing  an  even  distribution  of 
traffic  between  the  two  directions.  Results  are  shown 
for  seven  study  sections,  all  tangents,  including  2  two- 
lane,  1  three-lane,  2  four-lane  undivided,  and  2  four- 
lane  divided  highways. 

The  total  maximum  hourly  capacity  of  one  of  the 
two-lane  highways  was  1,880  vehicles  at  a  speed  of  23 
miles  per  hour.  For  the  other,  it  was  2,200  vehicles  at 
a  speed  of  25  miles  per  hour. 

The  maximum  hourly  capacity  of  the  three-lane  high- 
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Figure  12. — Speed  and  Mean  Difference  in  Speed  for 
Level  Tangents  With  Various  Total  Volumes  Equally 
Distributed  Between  the  Two  Directions. 

way  was  2,540  vehicles  at  a  speed  of  12  nules  per  hour. 
One  of  the  four-lane  highways  had  a  total  maximum 
capacity  of  4,150  vehicles  per  hour  at  a  speed  of  22 
miles  per  hour,  and  the  other  a  total  maximum  capacity 
of  8,600  at  a  speed  of  11  miles  per  hour.  One  of  the 
four-lane  divided  highways  could  accommodate  a  total 
maximum  of  5,400  vehicles  at  a  speed  of  15  miles  per 
hour,  and  the  other  7,300  vehicles  at  a  speed  of  40  miles 
per  hour.  It  should  be  remembered  that  these  total 
maximum  hourly  capacities  and  corresponding  speeds 
are  for  tangent  sections,  and  that  at  the  maximum  vol- 
umes each  driver  must  govern  the  speed  of  his  vehicle 
entirely  by  the  speed  of  the  preceding  vehicle,  a  condi- 
tion that  the  average  driver  considers  very  unfavorable, 
especially  for  rural  highways. 

It  must  also  be  remembered  that  the  values  for 
these  sections  do  not  represent  values  for  all  highways 
having  a  corresponding  number  of  lanes.  These  par- 
ticular sections  cannot  be  considered  typical  two-lane, 
three-lane,  and  four-lane  highways,  but  were  selected 
to  illustrate  that  in  determining  the  practical  working 
capacity  of  a  highway,  consideration  must  be  given  to 
the  speed  at  which  the  vehicles  will  be  able  to  travel 
and  the  relative  interference  between  vehicles  that 
will  be  present.  Thus,  if  it  were  desired  to  maintain 
an  average  speed  of  35  miles  per  hour,  the  working 
capacity  for  the  two-lane  section  3-J  would  be  1,100 
vehicles  per  hour,  and  for  the  four-lane  section  3-T  it 
would  be  3,000  vehicles  per  hour.  If  it  were  also 
desired  to  limit  the  interference  between  vehicles  to 
that  present  when  there  is  a  mean  difference  in  speed 
of  4  miles  per  hour,  the  working  capacity  of  section  3-J 
would  be  limited  to  850  vehicles  per  hour.  Only  after 
analyzing  data  collected  at  many  locations  can  general- 
izations be  drawn  for  highways  of  various  widths. 

It  is  evident  that  practical  working  capacities  are 
relative  rather  than  absolute  values,  just  as  the  safety 
factors  used  in  structural  design  are  relative  rather 
than  absolute  values.  The  speed  and  interference  fac- 
tor selected  for  a  highway  in  determining  its  practical 
working  capacity  must  be  governed  by  local  conditions 
and  the  interference  that  the  particular  type  of  traffic 
carried  by  the  highway  will  tolerate. 

In  designing  highways  for  present  or  future  traffic 
volumes,  consideration  must  also  be  given  to  the 
individual  traffic  flow  diagrams  indicating  the  number 
of  times  certain  hourly  volumes  will  be  exceeded  and 
the  percentage  of  the  total  vehicles  traveling  in  each 
direction  during  such  periods. 
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Figure  13. — Cumulative  Percentage  Distribution  of 
Speeds  in  Relation  to  Volume  of  Traffic.  Section  3-J, 
2-Lane  Tangent. 

So  far,  this  analysis  has  been  limited  to  level  tangent 
sections  with  long  sight  distances.  The  effect  that 
grades,  intersections,  and  various  degrees  of  curvature 
have  on  the  capacity  must  be  determined  before  it  will 
be  possible  to  arrive  at  practical  working  capacities  for 
highways  of  various  designs. 

Highway  transportation  plays  such  an  important 
part  in  the  life  of  everyone  that  it  is  surprising  how 
little  is  known  about  the  fundamentals  of  traffic  be- 
havior. Great  care  is  taken  in  the  construction  of 
highways,  yet  comparatively  little  is  known  regarding 
the  effectiveness  with  which  the  facilities  provided 
fulfill  traffic  requirements.  A  number  of  figures 
illustrating  a  few  of  the  fundamentals  of  traffic  be- 
havior have  been  constructed  from  the  capacity  study 
data.  These  should  be  useful  to  traffic  and  highway 
engineers. 

REGARDLESS  OF  VOLUME,  THE  SAME  PERCENTAGE  OF  VEHICLES 
WENT  SLOWER  THAN  THE  AVERAGE  SPEED 

Figure  13  was  constructed  by  plotting  the  percentage 
of  vehicles  traveling  at  or  below  given  speeds  for 
various  total  volumes  of  traffic  on  a  certain  two-lane 
rural  highway.  The  solid  lines  cover  the  range  of 
hourly  volumes  observed  during  the  study.  In  order 
to  extend  these  lines  to  cover  lower  volumes,  a  fre- 
quency distribution  of  speeds  for  all  individual  vehicles 
spaced  at  least  2,000  feet  behind  the  preceding  vehicle 
and  without  interference  from  oncoming  traffic  was 
used  to  represent  the  distribution  of  speeds  as  the 
volume  approached  zero.  As  far  as  the  design  of  the 
highway  was  concerned,  all  of  these  vehicles  could 
have  traveled  50  miles  per  hour.  However,  observa- 
tions of  these  vehicles  which  represent  low  traffic 
volumes  showed  that  10  percent  of  the  vehicles  traveled 
less  than  35  miles  per  hour  and  only  8  percent  traveled 
faster  than  50  miles  per  hour.  With  a  traffic  volume 
of  1,000  vehicles  per  hour,  53  percent  of  the  vehicles 
traveled  at  or  less  than  35  miles  per  hour,  and  only 
4  percent  went  faster  than  50  miles  per  hour. 

The  circles  in  figure  13  represent  the  average  speeds 
for  various  total  hourly  traffic  volumes.  Regardless 
of  the  total  traffic  volume  on  this  highway,  the  per- 
centage of  the  vehicles  traveling  slower  than  the  average 
speed  remained  practically  constant.  Were  the  curves 
extended,  at  a  total  traffic  volume  of  2,200  vehicles  per 
hour,  the  average  vehicle  speed  would  be  approximately 
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Figure  14. — Cumulative  Percentage  Distribotion  of 
Speeds  in  Relation  to  Volume  of  Traffic.  Section  1-M, 
3-Lane  Tangent. 

25  miles  per  hour,  which  checks  with  the  average 
speed  previously  determined  for  the  total  maximum 
capacity  of  2,200  vehicles  per  hour  at  this  same  location. 

Figure  14  shows  the  same  data  for  a  three-lane 
tangent.  The  speeds  at  the  low  traffic  volumes  are 
slightly  higher  than  for  the  two-lane  tangent  and 
change  less  with  an  increase  in  volume.  On  this  high- 
way the  percentage  of  vehicles  going  slower  than  the 
average  speed  of  all  traffic  also  remains  practically 
constant  as  the  total  traffic  volume  changes,  but  is 
approximately  55  percent  rather  than  60  percent. 

The  curves  for  a  four-lane  divided  tangent  shown  in 
figure  15  and  those  for  a  two-lane  tangent  shown  in 
figure  16  also  reveal  that  a  fairly  constant  percentage 
of  the  vehicles  travel  slower  than  the  average  speed, 
the  percentage  being  55  for  the  four-lane  divided  high- 
way and  about  70  for  the  two-lane  highway. 

Figure  17  shows  the  distribution  of  speeds  on  a 
four-lane  undivided  tangent  on  which  the  speed  limit 
was  30  miles  per  hour.  At  the  low  traffic  volumes 
about  60  percent  of  the  vehicles  exceeded  the  speed 
limit.  The  range  of  speeds  at  the  low  volumes  was 
much  less  than  for  highways  on  which  speed  was  not 
restricted.  The  frequency  distribution  curves  for  the 
speeds  did  not  change  to  any  marked  extent  until  a 
traffic  volume  of  1,600  to  2,000  vehicles  per  hour  in 
one  direction  was  reached.  Here  again,  it  is  seen  that 
the  percentage  of  vehicles  traveling  slower  than  the 
average  speed  did  not  vary  to  any  marked  degree  as 
the  volume  changed.  These  figures  and  similar  data 
for  other  locations  indicate  that  although  the  percent- 
age of  vehicles  traveling  below  the  average  speed  varies 
for  different  highways,  the  percentage  traveling  below 
the  average  speed  on  any  particular  highway  does  not 
change  an  appreciable  amount  with  a  change  in  traffic 
volume. 

The  data  recorded  also  made  it  possible  to  determine 
the  frequency  distribution  of  time  spacings  between 
successive  vehicles  traveling  in  the  same  direction  for 
various  volumes  of  traffic,  as  illustrated  by  figure  18. 
On  this  particular  two-lane  tangent  when  the  volume 
in  one  direction  was  300  vehicles  per  hour,  25  percent 
of  the  vehicles  or  75  of  the  300  vehicles  passing  each 
hour  reached  a  given  location  on  the  highway  less  than 
2  seconds  after  the  preceding  vehicle.  Likewise,  37 
percent,  or  111  of  the  300  vehicles,  were  less  than  3 
seconds  behind  the  preceding  vehicles.  Twelve  per 
cent,  or  36  of  the  300  vehicles,  were,  therefore,  spaced 
between  2  and  3  seconds  from  the  preceding  vehicle. 
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TOTAL     HOURLY    VOLUME  -HUNDREDS   OF   VEHICLES 


Figure  15. — Cumulative  Percentage  Distribution  of 
Speeds  in  Relation  to  Volume  of  Traffic.  Section  1-H, 
4-Lane  Divided  Tangent. 


TOTAL     HOURLY    VOLUME  -  HUNDREDS   OF  VEHICLES 

Figure  16. — Cumulative  Percentage  Distribution  of 
Speeds  in  Relation  to  Volume  of  Traffic.  Section  1-0, 
2-Lane  Tangent. 

All  time  spacings  between  vehicles  in  one  direction 
passing  in  1  hour  obviously  total  3,600  seconds,  and  the 
average  time  spacing  in  seconds  may  be  determined  bv 
dividing  3,600  by  the  hourly  traffic  volume  in  that 
direction.  One  would  normally  expect  to  find  50  per- 
cent of  the  time  spacings  shorter  than  the  average 
spacing  and  50  percent  longer  than  the  average  spacing. 
At  this  location,  wben  the  volume  was  200  vebicles  per 
hour  and  the  average  spacing  18  seconds,  66  percent  of 
the  spacings  were  less  than  18  seconds.  At  300  vehicles 
per  hour,  66  percent  of  the  spacings  were  loss  than  the 
average  spacing  of  12  seconds,  and  at  600  vehicles  per 
hour,  72  percent  of  the  spacings  were  less  than  the  aver- 
age spacing  of  6  seconds.  Regardless  of  the  traffic 
volume,  from  66  to  72  percent  of  the  vehicles  were  at 
spacings  shorter  than  the  average  spacing,  and  from 
45  to  55  percent  of  the  spacings  were  shorter  than  one- 
half  of  the  average  spacing. 

The  distribution  of  time  spacings  for  corresponding 
volumes  of  traffic  on  the  three-lane  section  illustrated 
by  figure  19  was  almost  the  same  as  for  the  two-lane 
section,  although  the  average  speeds  were  not  the  same. 
At  a  volume  of  200  vehicles  per  hour,  66  percent  of  the 
spacings  were  shorter  than  the  average  spacing  of  18 
seconds,  and  at  600  vehicles  per  hour  about  68  percent 
of  the  spacings  were  shorter  than  the  average  spacing 
of  6  seconds.     Forty-five  percent  of  the  spacings  were 


ONE     DIRECTION-  HUNDREDS     Of     VEHICLES 


Figure  17. — Cumulative  Percentage  Distribution  of 
Speeds  in  Relation  to  Volume  of  Traffic.  Section*  1-E, 
4-Lane  Undivided  Tangent. 
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Figure  18. — Frequency  Distribution  of  Time  Spacings 
Between  Successive  Vehicles  at  Various  Volumks  of 
Traffic.     Section  2-H,  2-Lane  Tangent. 
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Figure  19. — Frequency  Distribution  of  Time  Spacings 
Between  Successive  Vehicles  at  Various  Volumes  of 
Traffic.     Section  2-J,  3-Lane  Tangent. 

shorter  than  one-half  of  the  average  spacing,  regardless 
of  the  traffic  volume. 

The  curves  shown  in  figure  20,  representing  the  time 
spacings  for  another  two-lane  section,  are  nearly  the 
same  as  those  for  the  other  two-lane  section,  and  all 
except  those  for  the  very  short  time  intervals  are 
nearly  the  same  as  those  for  the  three-lane  highway. 
From  68  to  75  percent  of  the  spacings  were  shorter 
than  the  average  spacing  and  (for  volumes  up  t<>  800 
vehicles  per  hour  in  one  direction  )  from  45  to  62  percent 
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Figure  20. — Frequency  Distribution  of  Time  Spacings 
Between  Successive  Vehicles  at  Various  Volumes  of 
Traffic.     Section  3-J,  2-Lane  Tangent. 

of  the  time  intervals  were  shorter  than  one-half  of  the 
average  time  interval. 

The  most  significant  facts  revealed  by  the  study  of  the 
frequency  distribution  of  the  time  spacings  for  a  number 
of  highway  locations  are: 

1.  As  the  volume  of  traffic  increased  on  any  particular 
highway  there  was  a  fairly  uniform  change  in  the 
frequency  distribution  of  the  time  spacings  rather  than 
a  sudden  change  at  any  particular  volume  of  traffic. 

2.  Except  for  the  very  short  time  spacings,  the 
frequency  distribution  of  the  spacings  for  any  particular 
volume,  of  traffic  in  one  direction  was  practically  the 
same  on  one  highway  as  another  regardless  of  the  speed 
that  the  vehicles  were  traveling. 

3.  There  was  a  very  skewed  distribution  of  the  time 
spacings  regardless  of  the  volume  or  speed  of  traffic  or 
type  of  highway.  At  any  traffic  volume,  from  two- 
thirds  to  three-fourths  of  the  vehicles  were  at  less  than 
the  average  time  spacing  from  the  preceding  vehicle. 

TIME  spacing  data  used  to  determine  opportunities  to 

PASS 

A  study  of  the  distribution  of  distance  spacings 
between  successive  vehicles  showed  the  same  relative 
distribution  as  the  time  spacing,  but  they  varied  with 
the  average  vehicle  speed  as  well  as  with  the  volume  of 
traffic.  That  is,  a  highway  accommodating  300  vehicles 
per  hour  at  a  speed  of  30  miles  per  hour  would  have 
the  same  percentage  of  the  spacings  exceeding  500  feet 
as  the  percentage  that  exceeded  750  feet  on  a  highway 
accommodating  300  vehicles  per  hour  at  a  speed  of 
45  miles  per  hour. 

Traffic  cannot  move  freely  on  a  highway  unless  it 
is  possible  for  faster  moving  vehicles  to  overtake  and 
pass  slow  moving  vehicles.  On  two-lane  highways 
passing  is  not  possible  even  on  tangent  sections  except 
during  periods  when  the  left  lane  is  not  occupied  by 
oncoming  traffic.  With  the  oncoming  traffic  moving 
at  the  same  speed  as  the  passing  vehicle,  the  time  spac- 
ing between  succeeding  vehicles  in  the  opposing  lane  of 
traffic  must  be  at  least  twice  as  great  as  the  time  re- 
quired by  the  passing  vehicles  to  perforin  the  passing 
maneuver. 

Characteristic  patterns  of  time  spacing  distributions 
as  illustrated  in  figure  20  can  be  used  to  determine  the 
number  of  times  per  hour  that  any  given  time  spacing 
between  succeeding  vehicles  in  the  opposing  lane  will 
be  exceeded.  The  percentage  of  the  total  time  that  a 
vehicle  is  opposite  a  time  spacing  in  the  opposing  traffic 
which  exceeds  a  certain  magnitude  may  also  be  deter- 
mined from  the  data.  As  an  example,  assume  that  a 
car  is  traveling  on  a  two-lane  highway  with  400  vehicles 
per  hour  in  the  opposing  lane  of  traffic.     Out  of  everv 
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Figure  21. — Percentage  of  Total  Time  Occupied  by  Various 
Time  Spacings  Between  Vehicles  and  Percentage  of 
Total  Time  That  Passings  Requiring  Various  Time 
Spacings  May  Be  Started.     Section  3-J,  2-Lane  Tangent. 

400  vehicles  that  the  car  meets.  80  vehicles  or  20 
percent  of  the  total  vehicles  will  be  15  seconds  or  more 
behind  the  vehicle  they  are  following.  The  80  spaces 
total  2,448  seconds,  so  for  G8  percent  of  each  hour  the 
car  is  opposite  spaces  equal  to  or  exceeding  15  seconds. 
The  dashed  lines  on  figure  21  show  the  percentage  of 
the  total  time  that  the  car  will  be  opposite  spaces 
equal  to  or  in  excess  of  15,  20,  25,  and  30  seconds  for 
volumes  as  high  as  900  vehicles  per  hour  in  the  opposing 
lane.  These  values  will  be  the  same  regardless  of  the 
speed  the  car  travels  and  will  not  vary  appreciably  for 
different  average  speeds  of  traffic  in  the  opposing  lane. 

A  passing  requiring  a  time  interval  of  15  seconds  in 
the  opposing  traffic  cannot  be  started  after  a  portion  of 
the  15-second  interval  has  elapsed.  It  is  only  while  the 
time  interval  is  in  excess  of  15  seconds  that  such  a  pass- 
ing may  be  started.  To  find  the  percentage  of  the 
total  time  that  a  passing  may  be  started,  it  is  necessary 
to  subtract  the  required  passing  time  interval  from  each 
of  the  intervals  in  excess  of  the  minimum  spacing. 
Thus  from  the  total  of  2,448  seconds  occupied  by  the 
80  spaces  equal  to  or  in  excess  of  15  seconds,  80  X  15  or 
1,200  seconds  must  be  subtracted  leaving  1,248  seconds, 
or  about  35  percent  of  the  time,  that  such  a  passing 
may  be  started. 

The  solid  lines  of  figure  21  indicate  the  percentage 
of  the  total  time  that  passings  requiring  time  intervals 
of  15,  20,  25,  and  30  seconds  in  the  opposing  traffic 
may  be  started.  Until  the  results  of  the  passing  studies 
recently  conducted  are  analyzed,  the  exact  time  inter- 
vals required  for  various  passing  operations  will  not 
be  known,  but  from  available  data  it  is  believed  that  the 
intervals  shown  will  include  a  large  majority  of  the 
passings  that  occur  on  two-lane  highways. 

There  are  a  number  of  ways  in  which  this  informa- 
tion may  be  used:  First,  assume  that  a  fast-moving 
vehicle,  traveling  on  a  long  tangent,  is  overtaking  a 
slow-moving  vehicle  traveling  in  the  same  direction, 
and  that  a  minimum  interval  of  15  seconds  between 
vehicles  in  the  opposing  lane  will  be  required  to  allow 
the  fast-moving  vehicle  to  pass.  When  the  opposing 
traffic  is  150  veliicles  per  hour,  the  chances  are  that  65 
percent  of  the  time,  or  two  out  of  every  three  times,  the 
passing  maneuver  can  be  made  without  first  slowing 
down  and  waiting  for  an  opportunity  to  pass.  With 
an  opposing  volume  of  600  vehicles  per  hour  the  chances 
are  reduced  to  20  percent  or  1  out  of  every  5  times. 

For  the  second  illustration,  assume  that  the  fast- 
moving  vehicle  has  been  required  to  slow  down  to  the 

(Continued  on  page  240) 


COMPARISON  OF  METHODS  FOR  DETER- 
MINING THE  HILL  CLIMBING  ABILITY  OF 
TRUCKS 

Reported  by  CARL  C.  SAAL,  Assistant  Highway  Engineer,  Bureau  of  Public  Roads 


ONE  of  the  most  serious  problems  confronting 
highway  engineers  today  is  that  of  increasing  the 
traffic  capacity  of  the  more  congested  two-lane 
highways.  The  simple  solution  to  this  problem — the 
construction  of  additional  traffic  lanes — is  prohibitive 
in  cost  for  application  to  any  but  a  limited  mileage  of 
the  most  heavily  traveled  roads.  Alternative  methods 
include  the  increasing  of  sight  distances  to  provide 
more  frequent  opportunity  for  faster  moving  vehicles 
to  pass  slow  vehicles,  and  the  speeding  up  of  slow- 
moving  vehicles. 

Particularly  on  hills  do  slow  moving  vehicles  restrict 
traffic  flow,  with  consequent  delay,  inconvenience,  and 
hazard. 

Commercial  vehicles  especially  are  frequently  loaded 
so  heavily  that  with  the  power  available  their  speeds 
are  so  reduced  on  the  steeper  grades  that  long  lines  of 
vehicles  accummulate  behind  them.  Under  such  con- 
ditions, drivers  become  impatient  and  attempt  passing 
maneuvers  their  better  judgment  would  warn  them 
against. 

Such  remedies  as  increasing  sight  distances  or,  as  has 
been  suggested,  building  additional  lanes  on  hills,  are 
localized  in  their  character.  A  more  comprehensive 
solution  of  the  broad  problem  lies  in  measures  to  speed 
up  the  slower  vehicles,  either  by  reducing  the  steeper 
grades  or  by  increasing  the  engine  power  of  the  slower 
vehicles.  The  State-wide  highway  planning  surveys 
will  reveal  the  number  and  lengths  of  excessive  grades. 
From  these  figures,  estimates  may  be  made  of  the  cost 
of  reducing  the  steepest  of  the  grades  on  the  more  heavily 
traveled  roads  to  some  more  reasonable  slope. 

If  the  steepest  gradients  were,  for  example,  9  percent, 
it  is  possible  that  at  no  great  expense  all  such  grades 
could  be  reduced  to  8  percent.  At  a  greater  cost,  the 
more  numerous  8-percent  grades  could  be  reduced  to 
7  percent,  and  so  on,  each  successive  step  involving 
mileage  increasing  in  a  geometric  ratio  until  some  point 
would  be  reached  beyond  which  it  would  be  hopeless 
with  available  funds  to  attempt  further  reductions. 
The  grade  represented  by  this  point  would  then  be  one 
over  which  speeds  within  the  desired  range  must  be 
maintained.  The  lower  limit  of  this  speed  range  is 
one  at  which  all  vehicles  may  travel  without  undue 
restriction  of  power  or  load,  yet  not  so  low  that  the 
drivers  of  following  vehicles  will  by  their  impatience 
become  reckless  in  their  actions. 

That  the  problem  is  becoming  critical  is  evidenced 
by  the  numerous  proposals  advanced  regarding  the 
regulation  of  the  performance  of  motor  trucks.  To 
forestall  the  imposition  of  hasty  or  ill-advised  regulation, 
and  to  facilitate  an  intelligent  evaluation  of  the  relative 
economies  of  reducing  gradients  and  of  increasing  the 
power  of  trucks,  are  the  purposes  of  an  exhaustive 
study  of  motor  trucks  now  in  progress.  In  cooperation 
with  a  number  of  truck  manufacturers,  the  Quarter- 
master Corps  of  the  United  States  Army,  and  the 
National  Bureau  of  Standards,  the  Bureau  of  Public 
Roads  is  now  determining  the  hill-climbing  ability  of 
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some  30  new  trucks,  covering  the  range  of  sizes  and 
makes  most  generally  encountered  in  the  eastern 
portion  of  the  country.1 

These  studies  will  determine  the  maximum  perform- 
ances of  new  vehicles  in  the  best  of  condition,  operating 
under  the  heaviest  loads  they  may  be  expected  to  carry. 
That  throughout  the  life  of  these  vehicles  their  per- 
formance will  remain  at  the  original  level  is  unreasonable 
to  expect;  accordingly  similar  studies  must  be  conducted 
on  used  vehicles  in  various  stages  of  wear.  Finally, 
any  vehicle,  new  or  used,  may  perform  much  less 
satisfactorily  under  ordinary  driving  in  actual  use 
than  when  under  test.  The  complete  analysis  of  per- 
formance will  then  require  a  determination  of  the  best 
performance,  the  loss  of  ability  through  wear  and  age, 
and  the  factor  to  apply  to  compute  the  normally  antici- 
pated performance  from  the  maximum  performance  for 
the  vehicle  condition. 

ACTUAL  GRADE  TESTS  MOST  ACCURATE  AND  COMPLETELY 
ADEQUATE  METHOD 

Data  collected  in  the  State-wide  highway  planning 
surveys  will  show  the  types  of  vehicles  and  loads  they 
carry  on  any  given  highway.  Use  of  these  data  in 
conjunction  with  information  on  the  road  profile  and 
the  results  of  the  ability  tests  will  reveal  within  very 
close  limits  the  effect  of  any  performance  regulation 
that  might  be  enacted.  By  judicious  correlation  be- 
tween grade  reduction  and  regulation  of  the  loads  and 
power  of  vehicles,  reasonable  freedom  of  movement 
may  be  effected  with  the  greatest  economy. 

A  number  of  methods  are  being  used  to  determine  the 
hill-climbing  abilities  of  new  motortrucks.  They  are: 
(1)  Actual  grade  tests  made  by  applying  various  loads 
to  vehicles  and  observing  the  speeds  that  they  can 
maintain  on  a  series  of  known  grades,  (2)  theoretical 
hill-climbing  ability  computed  from  engine-torque  and 
power  curves,  (3)  acceleration  tests  by  which  the  draw- 
bar effort  available  at  various  road  speeds  over  the 
entire  useful  speed  range  of  each  gear  is  determined, 
and  (4)  drawbar  dynamometer  tests  which  measure 
the  drawbar  pull  available  over  the  entire  useful  speed 
range  of  each  transmission  gear. 

The  actual  grade  tests  are  the  most  satisfactory  in 
that  no  question  can  be  raised  as  to  their  adequacy. 
These  tests  are  laborious  and  expensive,  and  thus 
would  not  be  practical  where  it  is  necessary  to  test  a 
large  number  of  trucks  in  a  short  period  of  time.  One 
of  the  purposes  of  the  study  now  being  conducted  is  to 
develop  a  method  by  which  accurate  results  can  be 
obtained  more  quickly  and  economically.  The  results 
of  the  grade  tests  wiil  be  used  to  evaluate  the  results 
obtained  by  various  other  methods. 

This  report  discusses  the  results  obtained  from  tests 
made  by  the  various  methods  on  one  truck  designated  as 
truck  A  operating  in  third  gear  on  five  grades.  The 
grade  ability,  as  determined  by  the  grade  tests,  is  ex- 


i  Facilities  used  in  analyzing  the  data  are  provided  by  the  Johns  Hopkins  Uni- 
versity. 
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Figure  1. — Truck  Climbing  Grade  in  Grade  Ability  Tests. 

pressed  in  terms  of  the  gross  vehicle  weight  that  the 
truck  can  pull  up  the  particular  grade  at  a  given  speed. 
The  results  obtained  by  the  other  methods  are  con- 
verted to  the  same  units.     A  comparison  is  then  made 


Figure   3. — Chronograph    Tape    Record    Being    Analyzed 
in  the  Office 


Figure  2. — Truck  Equipped  with  Chronograph  and  Bicycle  Wheel  as  Used  in  Grade  Ability  Determinations. 


between  the  results  of  the  grade  tests  and  those  of  each 
of  the  other  methods. 

Grade  tests. — In  the  grade  tests  known  loads  are 
applied  to  the  truck  and  the  maximum  speed  that  it 
can  maintain  on  known  grades  with  each  load  is  deter- 
mined. The  maximum  gross  vehicle  weight  that  the 
truck  can  pull  up  the  grade  at  a  constant  speed  in  a 
given  gear  is  determined  by  trial,  using  the  performance 
indicated  by  an  ability  formula  as  a  guide.  Starting 
with  the  maximum  weight  that  can  be  hauled  in  a  given 
gear,  the  load  is  decreased  by  1,000-pound  decrements 
and  the  maximum  sustained  speed  for  each  load  de- 
termined. The  gross  vehicle  weight  is  decreased  until 
the  road  speed  observed  corresponds  to  an  engine  speed 
that  approximates  the  maximum  recommended  by  the 
manufacturer  for  safe  operation  of  the  engine.  As  soon 
as  the  tests  in  one  gear  are  completed,  they  are  repeated 
in  the  gear  with  the  next  higher  gear  ratio.  Figure  1 
shows  a  truck  climbing  one  of  the  test  grades. 

Several  test  runs  on  the  grade  are  required  to  deter- 
mine the  maximum  sustained  speed  for  each  load.  The 
test  truck  approaches  the  grade  at  a  speed  estimated  to 
be  the  speed  that  can  be  sustained  over  the  entire  length 
of  the  grade.     All  test  runs  arc  made  with  full  throttle. 


An  observer  in  the  cab  of  the  truck  records  the  speed 
indicated  by  the  truck  speedometer  at  the  start  and 
finish  of  the  run,  and  determines  whether  a  sustained 
speed  is  reached.  If  the  vehicle  accelerates  or  de- 
celerates on  the  first  test  run,  the  grade  is  entered  on  the 
next  run  at  the  speed  that  was  recorded  when  the  truck 
left  the  test  course  on  the  preceding  run.  After  a  con- 
stant climbing  speed  is  observed  on  one  run,  it  is  veri- 
fied by  a  check  run.  Generally  the  grade  is  reentered  at 
speeds  first  above  and  then  below  that  finally  deter- 
mined as  the  sustained  speed  to  insure  that  it  has  been 
correctly  determined. 

The  speedometer  is  used  only  as  a  guide  in  the  field 
work.  The  actual  speed  maintained  on  the  grade  is 
measured  by  means  of  a  time-distance  recorder.  The 
recording  unit  is  a  chronograph  with  three  magnetic 
recording  styles.  Two  brushes  riding  on  a  two-point 
cam,  mounted  on  the  axle  of  a  bicycle  wheel  attached  to 
the  truck  bumper,  are  wired  in  series  with  one  of  the 
styles,  and  cause  each  half  revolution  of  the  wheel  to  be 
recorded.  A  clock  with  six  contacts  on  the  second 
hand  shaft  wired  in  series  with  another  of  the  styles 
furnishes  a  time  record  at  10-second  intervals.  A  tele- 
graph key,  wired  in  series  with  a  third  style,  is  used  to 
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Figure  4. — Hill  Climbing  Ability  of  Truck  A  Operating  in  Third  Transmission  Gear,  by  Actual  Grade  Tests. 


mark  the  beginning  and  the  end  of  the  test  course. 
Figure  2  shows  a  truck  with  the  bicycle  wheel  attached 
to  the  front  bumper. 

Approximately  instantaneous  speeds  are  computed  at 
short  intervals  by  scaling  the  time  required  for  a  given 
number  of  revolutions  of  the  bicycle  wheel.  The  revo- 
lutions per  second  are  computed  and  multiplied  by  the 
circumference  of  the  bicycle  wheel  in  feet  to  give  the 
speed  in  feet  per  second,  which  in  turn  is  converted  to 
speed  in  miles  per  hour.  Figure  3  shows  a  chrono- 
graph tape  record  being  analyzed.  From  the  record  of 
instantaneous  speeds  it  is  possible  to  determine  whether 
the  vehicle  is  accelerating,  decelerating,  or  maintaining 
a  uniform  speed  at  any  desired  time.  Having  thus 
determined  the  distance  over  which  a  uniform  speed 
was  maintained,  the  average  speed  for  that  entire 
distance  is  computed  to  give  results  with  an  error  of 
less  than  1  percent. 

THEORETICAL   PERFORMANCE    CLOSELY    CHECKED   ACTUAL  PER- 
FORMANCE 

The  results  obtained  from  grade  tests  on  truck  A 
operating  in  third  gear  on  grades  3.24,  4,  4.5,  6,  and  7 
percent  are  shown  in  figure  4.  The  gross  vehicle 
weights  in  thousands  of  pounds  are  plotted  as  abscissae 
and  the  speed  in  miles  per  hour  as  ordinates.  The 
results  shown  here  are  the  base  data  to  which  the 
results  obtained  from  the  other  methods  are  compared. 

Theoretical  performance.— The  theoretical  perform- 
ance of  a  vehicle  is  computed  by  reducing  the  engine 
torque  through  the  transmission  gears,  axle  gears,  and 
driving  wheels  to  rim  pull  or  tractive  effort.  The 
tractive  effort  is  the  force  produced,  at  the  tire  surface 
of  the  driving  wheels,  that  is  available  to  act  against  the 
resistances  that  oppose  the  motion  of  the  vehicle. 

The  performance  formula  is  derived  by  equating  the 
tractive  effort  to  the  rolling  resistance  plus  grade  re- 
sistance. The  tractive  effort  is  obtained  by  dividing 
the  torque  at  the  driving,  axle  by  the  rolling  radius 
The  torque  produced  at   the  driving  axle  for  a  given 


engine  speed  is  the  product  of  the  engine  torque,  the 
total  gear  reduction,  and  the  over-all  efficiency.  The 
grade  resistance  is  the  component  of  the  gross  vehicle 
weight  along  the  grade  and  is  the  product  of  the  tangent 
of  the  grade  and  the  gross  weight  for  all  small  grades, 
since  the  sine  and  the  tangent  of  such  angles  can  be 
considered  equal  without  introducing  substantial  error. 
The  rolling  resistance  is  the  product  of  the  coefficient  of 
rolling  resistance,  and  the  gross  vehicle  weight.  The 
following  formula  then  results:  Tractive  effort  is  equal 
to  grade  resistance  plus  rolling  resistance. 


TXEXR 


Ml 


W-- 


(WXJ)+(WXG) 
I     EXR 


r  U+Q) 


where   T=  Torque  at  a  given  engine  speed,  in  pound- 
inches. 
£'=Over-all  efficiency  of  vehicle. 
jf?  =  Total  gear  reduction. 
r= Rolling  radius,  in  inches. 
W=  Gross  vehicle  weight,  in  pounds. 
y=Coefficicnt  of  rolling  resistance,  in   pounds 

per  pound  of  weight. 
6r=Grade,  in  feet  of  rise  per  foot . 

The  torque  as  determined  from  engine  performance 
curves  for  any  given  engine  speed  can  be  substituted  in 
the  above  formula,  The  engine  speed  can  be  con- 
verted to  road  speed  by  reducing  it  by  the  total  gear 
reduction  and  multiplying  by  the  circumference  of 
the  driving  wheels.  In  this  manner  the  gross  vehicle 
weight  that  can  be  pulled  up  a  given  grade  at  a  given 
road  speed  can  be  determined. 

The  comparison  between  the  liill-climbing  ability 
indicated  by  the  performance  formula  and  that  deter- 
mined by  actual  grade  tests  is  shown  in  figure  5.  Again 
gross  vehicle  weight  in  thousands  of  pounds  is  plotted 
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Figure  5. —  Comparison  of  Hill  Climbing  Ability  as  Determined  by  Actual  Grade  Tests  and  by  Performance  Formula, 

for  Truck  A  Operating  in  Third  Gear. 


against  speed  in  miles  per  hour  for  each  of  the  five 
grades.  The  plotted  points  indicate  the  actual  per- 
formance, and  the  solid  curves  the  theoretical  per- 
formance. 

An  efficiency  factor  of  85  percent,  and  a  coefficient  of 
rolling  resistance  of  15  pounds  per  thousand,  are  as- 
sumed for  computing  theoretical  performance.  These 
values  are  the  ones  most  commonly  used.  The  engine 
torque  is  taken  from  curves  furnished  by  the  manufac- 
turer. The  rolling  or  loaded  radius  given  by  tire  manuals 
for  the  size  of  tires  on  truck  A  is  used. 

The  accuracy  of  the  engine  torque  curves  and  of  the 
assumptions  made  concerning  efficiency  and  rolling 
resist ence  is  indicated  by  the  variation  of  the  results 
obtained  by  the  two  methods.  The  results  check  re- 
markably closely  except  over  the  peak  torque  range. 
The  rolling  resistance  as  determined  by  deceleration  tests 
on  the  level  indicate  that  the  coefficient  of  rolling  resist- 
ance for  truck  A,  operating  at  the  road  speeds  at  which 
peak  torque  is  developed,  is  approximately  10  pounds 
per  thousand.  The  difference  between  15  pounds  per 
thousand  used  here  and  10  pounds  per  thousand  is 
equivalent  to  ){  percent  of  grade.  It  will  be  noticed  in 
figure  5  that  results  for  the  4  and  4.5  percent  grades 
verify  this. 

Dynamometer  tests  are  being  made  on  the  engine  of 
each  truck  after  the  grade  tests  have  been  completed. 
The  results  of  these  tests,  together  with  the  actual 
performance  and  the  coefficient  of  rolling  resistance 
measured  by  deceleration  tests,  will  be  used  later  to 
determine  the  true  efficiency  factor,  and  with  these 
more  accurate  factors,  it  is  believed  that  the  perform- 
ance can  be  computed  with  a  fairly  high  degree  of 
accuracy. 

Acceleration  and  deceleration  tests. — These  tests  are 
made  on  a  level  section  of  road.     The  truck  is  acceler- 


ated in  each  transmission  gear  at  full  throttle,  starting 
at  the  slowest  speed  at  which  the  engine  will  operate 
smoothly  and  continuing  to  the  maximum  recom- 
mended engine  speeds.  The  drawbar  pull  or  force 
produced  at  the  drive  wheels  of  the  truck  for  any  given 
road  speed  throughout  the  useful  speed  range  of  any 
gear  is  a  function  of  the  acceleration  at  that  road  speed 
and  the  mass  of  the  truck. 

SAMPLE  COMPUTATIONS  GIVEN  FOR  DRAWBAR  PULL  AND 
COEFFICIENT  OF  ROLLING  RESISTANCE 

Deceleration  tests  are  made  on  the  level  by  first 
attaining  a  desired  speed  and  then  permitting  the  truck 
to  coast  with  transmission  in  neutral.  The  deceleration 
measured  at  a  given  road  speed  is  proportional  to  the 
force  that  opposes  the  motion  of  the  vehicle.  This 
force  or  tractive  resistance  is  composed  principally  of 
the  friction  between  the  tires  and  the  road  surface,  and 
air  resistance. 

A  time-distance  record  of  each  acceleration  and 
deceleration  run  is  obtained  with  the  same  time-dis- 
tance recorder  that  was  used  in  the  grade  tests.  The 
time-distance  record  obtained  is  divided  into  two-second 
intervals,  and  instantaneous  speeds  are  computed  at 
each  time  interval.  Time-speed  curves  are  plotted 
whose  abscissae  are  time  in  seconds  and  ordinates  are 
speed  in  miles  per  hour.  Thus  the  slope  of  the  time- 
speed  curve  at  any  point  is  the  acceleration  or  decelera- 
tion of  the  test  truck.  The  acceleration  or  deceleration 
in  miles  per  hour  per  second  is  determined  at  various 
road  speeds  and  plotted  against  speed  in  miles  per  hour. 
The  values  of  acceleration  and  deceleration  as  shown  by 
these  curves  are  used  to  compute  the  drawbar  pull  and 
the  tractive  resistance  in  the  following  manner: 

Since  the  tractive  resistance  is  a  function  of  the 
deceleration  and  the  mass  of  the  vehicle,  the  following 
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relation  is  true: 

R=-a  (M+Kp) (1) 

where  R  —  tractive  resistance  in  pounds. 

— a = deceleration,  in  feet  per  second  per  second. 
jK"o=:mass  equivalent  constant  for  vehicle  coast- 
ins;  in  neutral. 


M=mass  of  vehicle 


(f> 


The  drawbar  pull  is  proportional  to  the  acceleration 
and  the  mass  of  the  vehicle  and  the  following  relation 
is  derived: 

P=a  (M+ff,)— r (2) 

where  P=drawbar  pull,  in  pounds. 

a  =  acceleration   of  vehicle,   in  feet  per  second 
per  second. 

M=mass  of  vehicle  (  —  )• 

Kx=m&ss  equivalent  constant  for  vehicle  oper- 
ating in  a  given  transmission  gear. 

Rotating  parts  of  a  vehicle  store  up  energy  when  the 
vehicle  is  accelerating.  Since  in  every  ordinary  motor 
vehicle  the  speed  ratio  of  these  parts  to  road  speed  is 
fixed,  the  magnitude  of  this  stored  energv  is  in  constant 
relation  to  the  mass  of  the  vehicle.  This  mass  equiva- 
lent constant  is  determined  with  the  engine  operating 
in  each  transmission  gear  and  for  the  vehicle  coasting 
in  neutral. 

The  tractive  resistance  is  computed  at  2-mile-per- 
hour  intervals.  This  force  is  divided  by  the  weight  of 
the  test  truck  in  thousands  of  pounds  to  obtain  the 
coefficient  of  tractive  resistance  or  rolling  resistance. 
Figure  6  shows  the  coefficient  of  rolling  resistance 
plotted  against  speed  in  miles  per  hour.  A  typical 
point  is  determined  as  follows:  At  20  miles  per  hour 
the  deceleration  is  —0.258  feet  per  second  per  second. 
The  weight  of  the  vehicle  (23,000  pounds)  divided  by 
the  acceleration  of  gravity  (32.2  feet  per  second  per 
second)  equals  the  mass  of  the  vehicle  (714).  The 
mass  equivalent  constant  for  the  vehicle  coasting  in 
neutral  is  82.  The  tractive  resistance,  computed  by 
equation  (1),  is  found  to  be  205.4  pounds.  This  force 
of  205.4  pounds  is  divided  by  the  weight  of  the  vehicle 
in  thousands  of  pounds  (23)  to  give  the  coefficient  of 
rolling  resistance.  The  coefficient  is  8.9  pounds  per 
thousand  and  is  plotted  opposite  20  miles  per  hour  on 
figure  6. 

The  drawbar  pull  is  also  computed  at  2-mile-per-hour 
intervals  over  the  useful  speed  range  of  each  transmis- 
sion gear.  For  truck  A  operating  in  third  gear  the 
results  are  shown  in  figure  7,  in  which  drawbar  pull  in 
pounds  is  plotted  against  speed  in  miles  per  hour. 
A  typical  point  is  determined  as  follows:  The  acceler- 
ation measured  at  20  miles  per  hour  is  1.788  feet  per 
second  per  second.  The  mass  of  the  vehicle  (714)  is 
the  weight  (23,000  pounds)  divided  by  the  acceleration 
of  gravity  (32.2  feet  per  second  per  second).  The  mass 
equivalent  constant  for  truck  A  operating  in  third  gear 
is  132.  The  drawbar  pull  is  therefore  1,513  pounds  as 
computed  by  equation  (2).  This  force  is  plotted  oppo- 
site 20  miles  per  hour  in  figure  7. 

The  total  force  produced  at  the  tire  surface  of  an 
accelerating  vehicle  at  any  given  speed  is  equal  to  the 
drawbar  pull  plus  the  tractive  resistance  of  the  test 
vehicle.  This  force  can  be  utilized  to  pull  a  certain 
gross  vehicle  weight  up  a  given  grade  at  the  road  speed 
for  which  the  force  is  measured.  The  force  is  equated 
to  the  component  of  the  gross  vehicle  weight  along  the 
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Figure    6. — Relation    Between    Coefficient    of    Rolling 
Resistance  and  Speed,  for  Truck  A. 


ROAD    SPEED  -  MILES     PER     HOUR 


Figure    7. 


-Drawbar    Pull    Available    at    Various    Road 
Speeds,  for  Truck  A. 


grade  and  the  tractive  resistance  of  the  vehicle  on  the 
grade.  The  gross  vehicle  weight  is  computed,  using  the 
following  formula: 

P+(wXf)={WxG)  +  (WXj) (3) 

where 

P=the  force  proportional  to  the  acceleration  of  the 
vehicle. 

(wXj)  (weight  of  vehicle Xcoeficient  of  rolling  re- 
sistance^ tractive  resistance  of  accelerating  vehicle  at 
speed  for  which  drawbar  pull  was  measured. 

(WXG)  (gross  vehicle  weight X tangent  of 
gradient)  =  grade  resistance.  _ 

(WXf)  (gross  vehicle  weight X coefficient  of  rolling 
resistance)  =  tractive  resistance  of  vehicle  on  grade. 

DYNAMOMETER    TESTS   QUICKLY    PERFORMED    AND    RESULTS 
EASILY   COMPUTED 

The  drawbar  pull  measured  at  various  road  speeds 
for  truck  A  operating  in  third  gear  is  converted  to  grade 
ability  for  the  five  grades.  The  results  are  shown  in 
figure  8,  in  which  gross  vehicle  weights  are  plotted 
against  speeds  in  miles  per  hour.  The  solid  lines  indi- 
cate the  results  obtained  by  acceleration  tests  and  the 
plotted  points  again  show  the  results  obtained  by  the 
actual  grade  tests.  Typical  points  are  determined  as 
follows:  The  drawbar  pull  at  20  miles  per  hour  is 
1,513  pounds,  as  indicated  in  figure  7.  The  coefficient 
of  rolling  resistance  at  20  miles  per  hour  is  8.9  pounds 
per  thousand,  from  figure  6.  The  tests  were  made  with 
a  gross  vehicle  weight  of  23,000  pounds.  For  the  test 
grades  of  3.24,  4,  4.5,  6,  and  7  percent  the  gross  vehicle 
weights  that  can  be  carried  on  each  grade  at  20  miles 
per  hour  are  41,500,  35,100,  31,800,  24,900,  and  21,800 
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Figure  8. — Comparison  op  Hill  Climbing  Ability  as  Determined  by  Actual  Grade  Tests  and  Acceleration  Tests,  for 

Truck  A  Operating  in  Third  Gear. 

dynamometer  truck.  Each  drawbar  is  composed  of  a 
cylinder  and  piston,  the  former  being  held  stationary 
relative  to  the  dynamometer  truck,  while  the  latter  is 
connected  to  the  drawbar  eye.  Thus  when  the  test 
vehicle  tows  the  artificially  loaded  dynamometer  truck, 
the  pressure  in  the  cylinder  is  recorded  through  an  oil 
line  and  spring  gage  on  a  metallic  chronograph  tape. 
At  the  same  time,  marks  from  which  road  speed  can  be 
computed  are  recorded  on  the  same  chronograph  tape  to 
permit,  by  relatively  easy  means,  the  computation  of  the 
available  drawbar  pull  at  various  road  speeds.  Resis- 
tance to  traction  is  determined  by  towing  the  test  vehicle 
behind  the  dynamometer  truck.  All  drawbar-pull  tests 
are  conducted  on  a  level  course  at  full  throttle,  the  arti- 
ficial load  and,  correspondingly,  the  speed  of  the  vehicles 
being  regulated  by  an  operator  who  varies  the  size  of  the 
orifice  as  indicated  by  an  electric  tachometer. 

Figure  9  shows  the  coefficient  of  rolling  resistance  in 
pounds  per  thousand  pounds  plotted  against  speed  in 
miles  per  hour.  The  drawbar  pull  obtained  by  means 
of  the  dynamometer  is  converted  to  hill-climbing 
ability  in  terms  of  gross  vehicle  weight  and  speed  in 
the  same  manner  as  for  the  drawbar  pull  measured  by 
the  acceleration  tests.  The  results  for  truck  A  operat- 
ing in  third  gear  are  shown  in  figure  10.  The  solid 
curve  indicates  the  results  of  the  dynamometer  tests, 
and  the  plotted  points  those  of  the  actual  grade  tests. 

The  grade  ability  measured  by  the  two  methods 
varies  by  an  amount  that  is  approximately  equivalent 
to  a  grade  of  one-half  of  1  percent,  the  curve  for  calcu- 
lated ability  on  a  4-percent  grade  coinciding  very  closely 
with  the  points  showing  the  actual  ability  on  a  4.5-per- 
cent grade.  Although  the  results  of  the  tests  by  this 
method  do  not  compare  too  favorably  with  the  actual 
grade  results,  it  should  not  be  concluded  that  the 
method  is  unsound.  The  field  dynamometer  was  de- 
signed for  use  in  testing  heavy,  slow-speed  equipment 
such  as  tractors  and  tanks.     The  results  obtained  bv 


Figure  9. — Relation  Between  Coefficient  of  Rolling 
Resistance  and  Road  Speed  as  Measured  by  Field 
Dynamometer,  for  Truck  A. 

pounds  respectively.     These  weights  are  plotted  oppo- 
site 20  miles  per  hour  in  figure  8. 

Drawbar  dynamometer. — A  special  dynamometer, 
called  a  "field"  dynamometer,  developed  by  the 
Ordnance  Department  of  the  United  States  Army,  was 
made  available  for  these  studies.  This  dynamometer 
consists  of  a  10-ton  truck  on  which  two  fire  pumps  are 
mounted.  The  pumps  are  connected  to  the  main  pro- 
peller shaft  back  of  the  transmission  by  means  of  a  two- 
speed  auxiliary  transmission.  When  the  dynamometer 
vehicle  is  towed  by  the  test  vehicle,  the  rear  wheels  of 
the  truck  actuate  the  pumps,  forcing  water  from  a  tank 
through  a  pipe  with  an  adjustable  orifice  and  then  back 
to  the  tank.  By  regulating  the  size  of  orifice  the  dis- 
charge pressure  of  the  pumps  can  be  increased  or  de- 
creased, which  in  turn  increases  or  decreases  the  torque 
required  to  turn  the  rear  wheels.  In  this  manner 
various  loads  can  be  applied  to  the  vehicle  pulling  the 
dynamometer. 

Drawbars  are  mounted  on  the  front  and  rear  of  the 
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Figure  10.- 


-COMPARISON  OF  HlLL  CLIMBING  ABILITY  AS  DETERMINED  BY  ACTUAL  GRADE  TESTS,  AND  ABERDEEN  PROVING  GROUND 

Drawbar  Pull  Tests,  for  Truck  A  Operating  in  Third  Gear. 


the  two  methods  compared  much  more  favorably  when 
the  vehicle  was  tested  in  the  lower  gears,  although  the 
speeds  in  those  gears  were  well  below  normal  road 
speeds.  The  differences  were  even  more  pronounced  in 
towing  the  test  vehicle  to  determine  its  tractive  resist- 
ance, for  the  truck  offered  very  little  resistance  and  ac- 
cordingly it  was  difficult  to  maintain  a  constant  speed 
with  the  heavy  dynamometer  truck. 

The  method  offers  a  distinct  advantage  in  that  rela- 
tively little  computation  is  required  to  interpret  the 
results,  whereas  involved  calculations  are  required  in 
analyzing  the  acceleration  test  data.  Should  a  lighter 
dynamometer  be  available,  it  is  likely  that  very  accu- 
rate results  could  be  easily  and  economically  obtained. 

The  results  discussed  above  have  been  confined  to 
tests  of  one  truck  in  one  transmission  gear.  Similar 
comparisons  have  been  made  for  each  gear  for  each  of 
the  18  units  tested  during  the  fall  months  of  1938. 
Additional  new  units  will  be  tested  in  the  spring  months 
of  1939,  after  which  attention  will  be  directed  to  the 
testing  of  used  vehicles. 

It  is  anticipated  that  actual  grade  tests  will  be  con- 
tinued on  all  of  the  new  vehicles,  since  they  have  been 
made  available  for  exhaustive  tests  by  various  manu- 
facturers who  are  cooperating  in  the  study.  Coincident 
with  the  determination  of  actual  performance,  other 
means  of  determining  the  performance  such  as  those 
already  described  will  be  continued  in  anticipation  of 
finally  adopting  the  one  that  will  provide  data  of  suffi- 
cient' accuracy  most  feasibly  for  the  testing  of  large 
numbers  of  used  vehicles. 


CONCLUSIONS 

Results  thus  far  obtained,  of  which  those  presented 
here  are  reasonably  typical,  lead  to  the  following 
conclusions: 

1.  Testing  under  actual  load  conditions  over  several 
grades  will,  of  course,  provide  results  of  the  greatest 
accuracy;  however,  this  method  is  so  laborious  and  ex- 
pensive as  to  preclude  its  general  usefulness. 

2.  The  computation  of  grade  ability  from  manufac- 
turer's torque  curves,  provided  reliable  factors  for  over- 
all efficiency  and  rolling  resistance  at  various  speeds  are 
available,  may  be  expected  to  yield  reasonably  accurate 
results. 

3.  The  computation  of  grade  ability  from  accelera- 
tion and  deceleration  tests  will  yield  accurate  results, 
especially  in  the  mure  generally  used  range  of  engine 
speeds,  and  requires  no  data  from  the  manufacturer. 
Complete  tests  require  but  a  few  hours  in  the  field,  but 
office  computations  are  laborious.  The  method  is,  how- 
ever, far  cheaper  than  the  actual  grade  tests,  and  the 
Bureau  is  now  considering  the  development  of  instru- 
ments for  a  more  precise  determination  of  acceleration 
rates,  in  view  of  the  probability  of  adopting  this  method 
for  future  work. 

4.  The  towing  dynamometer,  or  some  similar  device 
such  as  a  chassis  dynamometer,  can  undoubtedly  pro- 
duce accurate  results  quickly  and  in  a  usable  form. 
Their  high  initial  cost  limits  their  use  to  operations  re- 
quiring the  testing  of  a  large  number  of  vehicles 
quickly. 
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Figure  22. — Percentage  of  Vehicles  Passing  in  One  Direction  with  Various  Volumes  of  Traffic  in  the  Opposing 


Direction.     Section  3-J,  2-Lane  Tangent. 


same  pace  as  the  slow-moving  vehicle  and  that  a  25- 
second  interval  in  the  opposing  traffic  will  therefore  be 
required  for  the  passing  maneuver.  With  an  opposing 
volume  of  600  vehicles  per  hour,  the  vehicle  desiring  to 
pass  will  have  to  wait  6%  times  as  long  (on  the  average) 
as  if  the  opposing  volume  had  been  150  vehicles  per 
hour. 

For  the  third  condition,  assume  that  the  alinement 
of  the  highway  is  such  that  passing  cannot  be  accom- 
plished with  safety  except  on  tangent  sections  just  long 
enough  to  see  that  an  interval  of  sufficient  length  exists 
in  the  oncoming  traffic.  When  the  required  interval  is 
25  seconds  and  the  opposing  traffic  is  150  vehicles  per 
hour,  the  chances  are  that  there  will  be  no  oncoming 
traffic  on  the  passing  section  50  percent  of  the  time,  but 
with  an  oncoming  volume  of  600  vehicles  per  hour,  the 
chances  are  that  the  vehicle  desiring  to  pass  will  have  to 
stay  behind  the  slow-moving  vehicle  for  an  average  of 
12  such  passing  sections  before  one  opportunity  to  pass 
will  present  itself. 

At  a  volume  of  1,100  vehicles  per  hour  in  each  direc- 
tion, there  is  practically  no  opportunity  to  pass,  even 
on  a  highway  with  unlimited  sight  distances.  This 
was  the  maximum  possible  volume  arrived  at  by  using 
mean  differences  in  speed  as  the  congestion  index. 

It  may  also  be  seen  from  figure  22  that  no  passings 
were  made  on  section  3-J  when  the  traffic  volume  in 
the  opposing  lane  exceeded  1,100  velricles  per  hour. 


CONCLUSIONS 


The  results  that  have  thus  far  been  obtained  by 
analyzing  a  comparatively  small  portion  of  the  data 
furnish  sufficient  proof  to  conclude  that: 

1.  Neither  maximum  nor  practical  working  capacities 
can  be  determined  solely  from  the  relation  between 
average  speed  and  volume. 

2.  Consideration  must  be  given  to  both  speed  and 
the  relative  interference  between  vehicles  in  determin- 
ing practical  working  capacities. 

3.  All  highways  of  the  same  width  or  number  of  lanes 
will  not  have  the  same  maximum  possible  capacities  or 
the  same  practical  working  capacities. 

4.  Although  there  is  a  wide  variation  in  the  driving 
characteristics  of  individual  vehicle  operators,  certain 
fundamental  principles  of  traffic  behavior  can  be  de- 
veloped that  will  be  generally  applicable.  The  results 
may  be  entirely  different  from  those  derived  by  assum- 
ing average  conditions. 

5.  The  various  study  sections  for  which  data  have 
been  obtained  do  not  cover  a  sufficient  range  of  highway 
designs  and  alinement  to  obtain  the  effect  of  all  the 
variable  factors  on  practical  working  capacities.  Fur- 
ther data  are  necessary,  especially  as  to  the  time  re- 
quired for  vehicles  to  pass  one  another  under  various 
conditions. 
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A  NEW  HANDBOOK  ON  TRANSITION 
CURVES  FOR  HIGHWAYS 

A  handbook  entitled  "Transition  Curves  for  High- 
ways," by  Joseph  Barnett,  Senior  Highway  Design 
Engineer,  has  recently  been  issued  by  the  Bureau  of 
Public  Roads.  The  Bureau  recommends  the  general 
use  of  transitions  to  increase  safety  and  ease  of  travel 
and  to  improve  the  appearance  of  highways.  The  book 
includes  a  set  of  tables  with  which  the  design  and  loca- 
tion of  curves  with  transitions  involve  only  simple  cal- 
culations and  it  is  practicable  to  project  an  initial  aline- 
ment  that  includes  transitions  for  horizontal  curves 
without  material  delay  or  expense  because  of  the  transi- 
tions. This  procedure  has  decided  advantage  over  pro- 
jecting the  alinement  as  tangents  with  simple  curves 


and  later  revising  it  to  include  transitions.  Such  re- 
vision frequently  involves  repeated  trials  with  conse- 
quent expense  and  delay. 

Sections  of  the  handbook  discuss  speed  hi  relation  to 
highway  design,  design  of  curves  with  equal  transitions 
by  use  of  tables,  design  of  curves  with  transitions  as  a 
general  case,  parallel  transitions,  transitions  for  com- 
pound curves,  adjusting  alinement  of  simple  curves  for 
transitions,  widening  pavements  on  curves,  and  right- 
of-way  lines  in  relation  to  transitions.  All  tables  needed 
in  applying  the  methods  described  are  included. 

The  handbook,  in  a  durable  binding,  is  available  only 
by  purchase  from  the  Superintendent  of  Documents, 
Government  Printing  Office,  Washington,  D.  C,  at  60 
cents  a  copy. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report   of   the   Chief  of   the   Bureau  of   Public   Roads,    1931. 
10  cents. 

Report   of   the  Chief   of   the   Bureau   of  Public   Roads,    1933. 

5  cents. 
Report  of   the  Chief   of   the   Bureau  of  Public   Roads,    1934. 

10  cents. 

Report  of   the  Chief   of   the   Bureau   of   Public   Roads,    1935. 

5  cents. 
Report  of   the  Chief  of   the   Bureau  of  Public   Roads,    1936. 

10  cents. 
Report  of   the  Chief  of   the   Bureau  of   Public   Roads,    1937. 

10  cents. 
Report  of   the   Chief  of    the   Bureau  of   Public  Roads,    1938- 

10  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1  .  .  .  Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Part  2  .  .  .  Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .  .  .  Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Part  4  .    .    .   Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .  .  .  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6  .    .    .    The  Accident-Prone  Driver.      10  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP    .    .    The  Results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 

No.  I91MP.    .    Roadside  Improvement.      10  cents. 

No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 

No.  279MP  .    .    Bibliography  on  Highway  Lighting.     5  cents. 

Highway  Accidents.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Federal   Legislation    and    Rules   and   Regulations   Relating   to 

Highway  Construction.     15  cents. 
An  Economic  and  Statistical  Analysis  of  Highway-Construction 

Expenditures.      15  cents. 
Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.      60  cents. 


DEPARTMENT  BULLETINS 

No.  1279D  .    .   Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D  .    .   Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 


No.  55T   .    .    .   Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical    Equipment    on    Movable 
35  cents. 
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ges. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y   .        Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 
System  of  Ohio  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Vermont  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 

Report  of  a  Survey   of  Traffic  on   the  Federal-Aid   Highway 
Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  1 1 1. —Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 


Z-^lr 

tKffb^SS^?^^^  r— o  cnto  wlavt  ir>'-  involro  —  wo  o  r-J—  r-— 1  w  cnroox=i-  —  o^t  w  io  rocd  nirdvo  owl    r— 
^^x  ^R  »- o  rnin  wvo  co.5  cnr— r—  rnr—  o.*  vo  r—  ocyw^  w  tg  mr— vovo  o^  cu  r^-mirvm  mi'ffso'i  B\i*- -rovo  mS  —  Sir?    IX 
^^°.^.^^w.w.^^w.^^^w.^^.^^^^w.^,7;t.,,Jl10  ^-^o  Ku^  cR§^— o^fu  —  r^vo  —  cnhloo    ^\ 

» 

r— —  _  om^-wj  —  inav*  wow  o.to  in  in  —  cu  cu 
a\ww  mvo  cno  vo  j-  r^t^cyw  ^  *- .  ro  r— mvo  if  in 
to  in  w  w  w  cnjin  — 3-*  r-  rot— 3  wiO  ro— \o  cu  — 

invoj*,^-  w  rotoowentoenr--  toww  m 
O  to  vo  r-  en  ro  —  rovo  wtovor— woinwvc 
—  —  ro^t  — -=*-  or--  Ivo  o  <-jtoincri—  ro  — 

to  to  minj*  rOvo  r— w.  cj  to  r—   r- 
oovo  —  vomroto—  c^ ctao    r- 
cr*  w^i-  ro  —  ir>  o  inin  r1**  rovo    ro 

m      ■"  r* 

—   CU 

w  — 

—  WW 

—  w 

w      in  —  —  j»  j  w      ^* 

—  ^t 

r- 

a 

!jl# 

ro 

cr. 

O         r- 

vo 

—  o> 

^* 

to 

IOJ* 

ro 

*~ 

<T» 

in 
in 

3W 

r--      cu 

r^ 

cu  »- 

ro 

■*-Mi, 

- 

m 

K\ 

ro 

h-  cu       — 

- 

^ 

». 

en 

z. 

v. 

->J->JS 

.  gl  s  .1 

vo  tow  'w  cvi 

cu  —  ^» 

—  r^ 

to  invo 

*-  — 

— 

oi^t  r^w 

—       ro—  w  r-~,      ^-  c\j 

—  o 

J-  -H 

cu 

W 

(J 

3 

Bi 

- 

J;  s   > 

O  CO  ro 

O  CO 

cr*  to 

wo  a 

^3-  CTvO 

Q  Q  Q  to  O^J" 
5  5  O  O  V£l  W 

ir*r—  wi  k\—  ro 

O  O 

QMO 

OVO 

inONQO  roto  o 
cu  q  g>o  om-»hv3  co 
^f  o  w  cr\co  r— w>  w 

O 
vo 

Q       Oinr-eo 
vo       -oens 
r-     vo  rocneo 

winooinoo  —  t\ 
£~-rt  •-  cr.  Q  Q  Q  vo  o 
r— vo  enro^  roo  ro  — 

Q  »-cn 

3  cr.in 

in 

81 

r 

< 

w  in  — 

--  r— 

r—  lt\»jd:o  o  cu  to  *-  »- 

rocri 

inj*  to  ro  r- ir>  r— —                  o> 

c 

to  —  —  wwr^in  — 

r^j       r-inww.  ovo  —  rovo  to  w  j-  in  to      wi 

r— 

ro        I-""  CU  — 

1 

#5 

— 

OJEC 

— 

0 

« 

O^t  rO 

O  r—  r*  \ 

cu  o 

to  r- 

wow 

woo 
ou-  O 

^  o^- 

w^w 

<D  —  fO 

*  O 

w  ro 

ino  r- 
w5g> 
roo  w 

Q  O  ro 

CO  o 

o 

a   2 

if\r-  w 

Wino 

O  W  Q 

o  •-  CU 

R^2 

*£> 

f\r— 

^-  cr»o 

to  r-  cu 

l^-VO 

cr*co  r-^vo  W 

O 

r-      <j> 

rAC^tfjNvO  o"t  rocr*  r^.O  O  — 

j*  cnO 

O 

rt 

u 

WVO  — 

^K 

r-_  irwo 

—  o  w 

cu  —  —  r—  ct\ 

•vo^a-  to'ror—ir^r--  — 

roto        cSoCTN  — 

to 

en  roo 

d-  r— \r 

ro—  ir 

to  —  r— 

LOVO 

to  —  —  WWr^LT*  — 

*     ^ 

mwK-ovO  —  rototic 

Oh 

Is 

—  en  — 

—  irx=f 

Co           ,ro«- 

roo  W 

r«- 

^t 

w  —  cr>—  w       w  in 

J-  — 

w 

ro 

|5£ 

w 

z 

l-H 

73 

JjMjfi 

Sg 

rT 

O 

cu 

*~ 

- 

- 

to 

en 

■  ?i(S^ 

,. 

^ 

w  — 

—       — 

w 

—  w  in 

—      r^.  irt»- 

w  —  w 

WVO 

*—     ^-     T- 

—  — 

O 

™ 

ijill~ 

.* 

Qti 

z 

,5s! -.1 

ON        K> 

to^* 

r^y) 

^t^t  ro 

woj- 

ro  ro- 

— VO  K> 

ir»- vo 

in  w  in 

—  !*Mfi\D  J-ViJ 

—  —  w 

—  ^t  ro     vo  w 

VD  0"\r0^- 

TO* 

U 

J  |  i.J.sJ 

*~ 

*■ 

^* 

*" 

cu 

w 

OS 

0 

i     ^^ j  ^ 

^-  cu  r— Iitmo  in 

o  o 

»X>  tnro 

O  O  1— 

coco  to 

°v°^; 

0>Cr\vO 

Q  O  O 

O  r-  w 

J-  —  h-Jvo  J-  — 

roroM  enr—  to 

o  w  cr 

u-  O  J± 

cu  in  m  i  ov=j-  vo 

«-  r" 

to  o  —  o  incr 

r-cr\to 

—  —  cr  in  cr.o 

ost-icuJiTi-  rovOi  ctnO  infvo  t^-Ki 

r"^ 

i— 

0£ 

-o 

irx=f  w  o  w  vo 

inCTi 

r-^CTivu'h-to  w^j  ro— wr— to  w  ro  tn,  to  to  r—  to  o>—  wo\w  w  wr*- 

o  to  r»v*  o  rocn  o  fieri  en—1  w  w  k 

in 

^L 

< 

men  to  bo  in cu 

mwcno  w  •-  t-JMiojojo  ncryt  ^J-  cr\r*"vr-cr\co  w  irs^r  ir»cr»Or--irMr»vD.-  —  nct>oj^  in  mo  or^ii' 

/ 

^t        VO    men  — 

J    bOJ   V£>^t   OSNi1   W   K\r— W  IfMfXTkr-  f«" 

NOtOWf  f  J  —  —  O  in  W  rovo  to  W  W^J-  W  rOrOCr*J-  —  fOCT\  — 

r— 

Ph 

o 

Q 

« 

cn     J- 

r^\CU 

3  m 

w  —  to  —  vo  ro 

cu  ro       wu)r- 

ro— vo 

r- w 

cu^-r-.eov^>irir-  cgtoK\—  cu 

—  vo            ror-«  w  — 

—  cu 

in 

o 

^ 

n 

- 

*" 

cu 

"" 

*~ 

ro 
w 

Q 

h— 1 

Pi 

/- 

i              j 

3 

cnw  r— 

O  CO  o 

o  o!w  inrnjo  or^ovocoVjo^X)  \r\Q  O  O^f  --vX) 

^  k\co  o--  w  irv  crs  w  cr»«oeo  cr»coo  r—  w  «-  •-  in 

v£>^*  --  Q  O  O1  r*^--^X)-criK\50IO^  <JV*  O  invi3  cuo 

ino  ct 

O 

< 

1 

3 

f—  in  rO 

cuj-  K 

intMno  tof^cy  oif 

II 

1= 

ro*  in 

r—  en  to 

r-  cu  oi 

CO  ITMO 

inc^Jus  CTMncc  to  w  w  nr-j  r— »-  w  mmrnroco  to  oi^acjnkmo  wm>vx>o  eo  kv*  mr*~vo^o  ns  to  — 
mwooifMAi-Jrnwwongj'-^  g^ror— ig^coor—  k\iti  ro^t  cntnovo^-  --  r^-crvw  in^-vx>o 

.Mcyir 

-3" 

)-J 

j-       vD  t^cn-- 

J-  eo  covD  r— o  Is- ^3-  ^n^r^r— w  invoos^  k>woco  cu—  w^m)^^m  r*^ 
J-  nw--»  w^)K\cun      wM>r^-ro»-^0|r-w       w--f-icou>ini--K\o 

row  CO  W  \£X=t  W  rOf 

>-) 

<X\       .* 

ro  CU 

row  w  —  vo            tor>- 

ro  — 

—  a 

W 

3 

u£ 

£* 

- 

w 

- 

- 

" 

- 

w 

fcn 

O 

Q 

5 

tflflJi 

* 

cu 

K> 

*■ 

ox* 

in  — 
ro 

w  w 

cu 

*~ 

to 

j* 

m       cu 

w      ^* 

£ 

W 

a; 

ta 

5 

a 

-3  =  5"  2^ 

cu 

in 

- 

—  -  — 

*" 

ro  — 

—  —  K" 

—  — 

w 

*■" 

—  —  f 

w 

ro 
ro 

to 

>• 

_ 

z 

w<5^f  S 

o 

= liJll 

vo       r*- 

cu  ^ 

J-  W  roo  h-  — 

w 

CO 

—  ^*J* 

-3" 

-  J-J- 

"" 

—  cu 

w 

w  w 

vo  n(u 

—  ro 

O 

05 

s 

^  J.S       « 

i- 

7. 

O        — 

r— to 

O               O  Q  OMftO  O 

O 

O  WU5  O  WJ* 

j*  —  m 

ir»j*  o  o  o 

W  K" 

\       VO  VO         r-WlAOMf 

inroo 

W 

—      o 

^  cu 

Q           loococucoo       o~\      r-r-inoino  r*-u>^DAi>  to  O  ino           ^  c\|      r-^t       ^-r^t  OMn  r- 

to  CAO 

in 

S 

J*      — 

J  to 

O            to  ir\vj3j  co  o       in      r—  r^ir^co  ir»r*-  ror*-r-<vo  o~»co  inr—           r—  <y\      ro.—       knuju)  o  j-  h- j-  w 

ro 

ro        CU    en  en 

cr»          ^j-cr-criWmir>      to      j-j-o^OiAootncn**  eo  —  —  jJ      1       r—  r-+      rnto       r<-\-  cr-O-3-o—  ^t 

3 

J*          IT% 

»w 

r\           r— vi)  o>r— in-j 

-=f 

in  w  ror--  en  in  irv*  vo  —  vo  cr 

w  to 

ro— i        roo  O  ro-d-   w  cuvo 
--J           — wrowww  — 

s 

—  r*Mr>ovd-  — 

o%           cu  r^  —  — 

—  —  cr 

r*"v  — 

H 

1* 

tft 

cn 

<*> 

5 

cr.      to 

t— a> 

o 

fOQ  lO 

vJ3  LOO 

O 

O  rovo 

Q^*  ^ 

j-  —  if 

—  .=»■  — 

en  w 

vovo 

roeo 

w  envo 

O  VOO 

ro 

O         iTv 

*-  ir» 

—  co  ir 

r-J- 

&\s 

imn  — 

to 

v£>          CU 

J*   IT. 

o 

OMAN 

ir» 

r-  r— ir 

eo  vo  m 

ror-  cu  co  crvin 

inr- 

ro- 

ro — 

o  o  to 

to  vo  w 

*■ 

fa 

r^>       t*\ 

o^cu 

cr. 

vx>  roirJ 

j-  ocriOvoirNooNOvoco  ex. 

— -d- 

to  N" 

i      roeo 

J-*  -^  iri  CD  h4  —  —^t 

r^- 

8 

J*          IT\ 

viD  ro 

m 

r~-vo  to  w  irv* 
—  toCo  o  J-  — 

jt 

UMOror—  cr\  m  uvt  r—  —  vo  en  w  to 

o  — 

ro  — 

r^tO  --  tot  cu  cuv£> 

in 

cu       cu 

CT\ 

O* 

H 
•C 

« 

111 

ll'S 

o'lj 

>  c  c 

a     -d 
c       □ 

111 

■sis 

p 

e       £ 

g*SaG 

*8 

11 
zzo 

s    i 

e   1 

CMC 

c*3  o 

1 

C  n  r; 
C  Kg 

p 
o  fi.g 

5H 

r 
F 

1    8 

111 

2 

H 

0 
H 

^<< 

■3dS 

QEo 

•u~  c 

5ll 

sss 

tZIZlZ 

ZZE 

zzz 

00& 

5££ 

HhP         >>^         ^r*P=         £££ 

Clemson  University 


3   1604   011    534   304 


FEDERAL 

PUBLICATION 


DATE  DUE 


DEMCO.  INC.  38-2931 

